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(54) TIfle: APPARATUS AND METHOD FOR PERFCKU^G MIGROFLUIDIC MANIPULATIONS FOR CHEMICAL ANALYSIS 
AND SYNTHESIS 

(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated u^ng sum- 
daxd ^otoUthographic procedures and chemical wet 46 
etching, with the substrate and cover plate joined us- ^ 
ing direct bonding. Capillary electrophoresis and elec- 
tro eh romatogiaphy are peifoimed in channels (26. 28, 
30, 32. 34. 36. 38) fanned in the substzaie. Analytes 
are loaded into a four-way intenection of channels by 
dectrokinetically pumping the analyte through die in- 
tenection (40), followed by a switcfanig of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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APPARATUS AND METHOD FOR. PERFORMING MICROFLUIDTC 
MANIPULATIONS FOR CMEMICAL ANALYSIS AND SYNTHESIS 

This invention wm made with Government support under contract 
DEiACd5-84OR21400 swarded by the U.S. Dqartroent of EneiiBy ^ Mar&^ Marietta 
Eaagy Systems, Inc. and the Goveniment has certain rights in this iiiveotion. 

10 fiffld^f the invention 

The present invention rdates genenlly to nuniature instmmentauon for 
chemical analysis^ chemical sens'mg and ^hois and. more spedfically, to dectricaliy 
controlled maxupidattons of fluids in micromachincd channels. These roainpulations can 
be used m a variety of appHcations, mcluding the eJectiically controlled manipulation of 

15 fluid for capinaiy electrophoresis, liqmd chromatography, flow ijijection analysis, and 
chemical reaction and qmthens. 

fi^kground ^f jhe invention 

Laboratoiy analyas is a cumbersome process. Acqui»tion of chcnucal 
20 and biochemical information requires expensive equipment, spedaliied tabs and Hghly 
trained pcisonncl. For this reason. laboratoiy testing is done in only a fiaction of 
circumstances where acquisition of chemical information would be usefid. A large 
proportion of testing in both research and cGnical situations u done with crude manual 
pKlhods that are characterized by high labor costs, high reagent consumption, long 
25 tumaround times, relative imprecision and poor reproducibiBt>'. TTie practice of 
techniques such as electrophoresis that are m widespread use in biology and medical 
Uboratories have not changed significantly in thir^ years. 

Operations that are performed in typical laboratoiy processes include 
specimen preparation. chemicalWochemical coaverwms, sample fraclionBtion. signal 
30 detection and data processing. To accomplish these tasks. Hquids ai» often measured 
and dispensed with vobimetric accuracy, mfaied together, and subjected to one or several 
different physical or chemical emto>nment5 that accomplish conversion or fractionation. 
In fwearch. diagnostic, or development shuafions, these operations are carried out on a 
macroscopic scale using fluid volumes in the range of a few microliters to several liters 
35 at a time. Individual operations are pcrfoirncd in series, often using cfifferent specialized 
equipmem and msUuments for separate steps in the orocess. Complications, difficulty 
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and expense are often the result of operations involving muhiple laboratory procesai^ 
steps. 

Maiiy workers have attempted to sohfc these problems by creating 
integrated laboratory systems. Convendonal robotic devices have been adapted to 

S perfitfm |»pettiqB> specimen handlir^ solution nuxing, as well as some fiictionation and 
detection operatsons. However, these devices are MgMy complicated, very expensive 
and thdr operation requires so much traintng Aat thdr use has been restricted to a 
rdatively smaD number of research and dcvdopmcnt programs. More successfid have 
been automated clinical diagnostic systems for rapidly and inexpensively perfbnning a 

10 small number of applications such as clinical dicmistiy tests for blood levels of glucose, 
electrolytes and gases. Unfortunately due to tfier complexiiy. large s:ze and great cost, 
such equipment, is fimited in its appfication to a small number of diagnostic 
drcomstancea. 

The desirability of exploiting the advantages of integrated systems in a 
IS broader context of laboratory applications has led to proposals that such ^tems be 
miniaturized. In the 1980^ considerable research and development eSbrt was put mto 
an exploration of the concept of biosensors whh the hope they might fill the need. Such 
devices make use of sdective diemlcal systems or Uomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chendcal agnals 
20 to dgctiiffiJ ones that can be interpreted by computers and other signal proces&ng units. 
Unfortunately, biosensors have been a commcrdal ^ppointmcm. Fewer than 20 
commcrdalized products were avaBable in 1993, accounting for revewca in the U.S. of 
less than $100 million. Most observers agree that this fiuhire is prirwrily tedmobgical 
rather than rdleclif^ a nusintcrpretation of market potential. In &ct, many atuations 
25 such as massive scnscning for new dnigs. highly parallel gcncfic research and testing, 
micro-chemistry to nunimize costly reagent consumption and waste generation, and 
bcdade or doctor's office diagnostics would greatly benefit fiom miniature mt^rated 
laboratory systems. 

In the early 1990*5, people began to discuss the possibility of creating 
30 miruature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea m the scientific press. CaDirig them "miniatunzcd toud analysis 
systems," or '*u-TAS,'* he predicted that it would be possible to integrate into sii\gle 
units microscopic versions of the various elements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 
35 miniature components have appeared, particularly molecutar separation meihods and 
microvalves. However, attempts to conWne these systems mto complctdy integrated 
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have not met tnth success. Tto is primsxay becmise jwecisc nuui^ 
tby fluid vohimes in extremely 1^ 

One prorainoit field suscepdWe to nmuatutizalion is capiBaiy 

5 dectrophoftsis. CapiBaiy elec»iopho«si»lB»becon* a fwpiJartedinispjefe 

ehaisedmoleciibrapedesinaohilion. The technique U pcrfbnnad in smaB capfflaiy 
tabes to itduce band broadening eCfectt due to thermal convection ^ 
resolviqg power. The snudl tubes inply that minute vohir» of matenals, on the order 
of nanoliters. roust be handled to hvectthe sample into the separation capSIlaiytube. 

10 Cunent techniques for injection inchuie electromisrBiion and siphpnii« of 

sample fiom a container into a contimious separation tube. Both of these techniques 
suffer from idatively poor tepiodudWIity. and dectromigration additionally suficrs from 
dectrophoftticnobilityiasedbias. For both sampling teduiiques the input end of the 
■nabfsU capiTlaiy lube must be transfored torn a buffer reservoir 

15 the sample. Thus, a roedianical manipulalion is invoWcd. For the siphoning injection, 
the sampk reservoir b raised above the buftr reservoir holding tl.e eat end of the 
eapiUaiyfbrafixed length of time ^ 

An dectromigration injection is effiKted by applying an appropriately 
polarized dectricd potential across the capiDaiy tube for a given duration while the 

20 entrance end ofthecapiDatyU in the sample itservoir. This can lead to samplm^ 
because * disproportionatdy laiger quantity of the spedes with higher dectrophore«c 
mobBitiesmigfatcintothetube. The capillary « removed from the sample reservoir and 
rqjaced into the entrance buffer itservoir after the mjection duration for both 
tcchniQues. 

25 A contimiing need exists &r methods and apparatuses wWdi lead to 

improved dedrophoretic resohitbn and improved injection stability. 

Rii mtnarv of ^^«'r invention 

^ The present invention provides microchip laboratoiy systems and 
30 B«thods that allow complex biodiendcd and chemical procedures 10 be conducted on a 

ricrodup umler dectronic control. The microd.ip hAoratory s>^ comprses a 
wteriaJ handTmg apparatus that transports materials through a system of mtercoimecte^ 
integrated cham«ls on a microchip. The movement of the materials is predse^ duectod 
bycontrollii«thedectricficldsproducedintheh«egratedd«mnds. The prcase comrol 
35 of the movement of sudimaleriaU enables predsembdng. separation, a^ 
needed to hnplement a desired biodiemicd or diemicd procedure. 
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The micxtwhip laboratory qrstem of the present mvcmioa analyzes and/or 
^athe^ chemical imtcriala In a precise and repnxludWe inanr«r. The qrstem 
includa « body having integrated channels connecting a pluralhy of reservoirs that store 
the chemical materials used in flie chenucal analyas or syntbew perfonned by the 

5 system. In one aspect, at least five of the fesonroirs simultaneously have a conlr^ 
jdectrical potential, snch that msterial from at least one of the reservoits b ttansported 
throu^ the diaiindstowani at least one of the other Mscn^ws. The tran^»ortation of 
the material through the channds prowdes exposure to one or more selected chemical or 
physical environments, thereby lesuhing in the synthesis or analysis of the chemical 

10 material. 

The microclup laboratory system preferably also nKludcs one or more 
intenections of integrated channds connecting three or more of *8 reservoirs. The 
laboratory system contrbb the dectric fidds pn>duced in the channels in 
controls whnh materials m the reservoirs are transported through the interseetionCs). In 

15 one embodiment, the microdiip laboratory system sets as a mixer or dUuter that 
combines materiaU in the intetsection(s) by producing an dectrical potential m the 
intersection that is less than the electrical potential at each of the two reservmra firom 
which the materials to be tmxed oripnate. Altcnativdy, the laboratory qotem can act 
as a diq)enscr that dectrokinetically iqccts precise, controlled amounts of material 

20 through the imei8cction(s), 

By rimultaneously appl^ng an electrical potentid at each of at least five 
reservws, Ae nucrodup bboratory system can aa as a complete system for per&rimng 
an entire chemical analyas or ^nthcas. The five or more reservoirs can be configured in 
a manner that enables the dcctroWnetic separation of a sample to be anatyzed ("the 

25 analyte") wWch is then mixed with a reagent fix>m a reagent reservoir. Ahcinativdy. a 
chemical reaction of an analyte and a soh^ent can be performed first, and then tiie 
materidrcsultua from the reaction can be dectiokincticdlysqwaicl As sudi, the use 
of five or.inore leserroiis provides an mtegrated laboratoiy system that can perfom 

viitudiy any diemical analysis or qmtiieris. 
3Q In yet another aspect of Ute invention, tijc microchip laboratory system 

indudes a double intersection formed by donnds intcroonnccting at least six reservoirs. 
The first intersection can be used to mjctt a precisdy sized analyte plug into a separation 
diannd toward a waste reservoir. The dectrical potential at tiw second ioteraecdon can 
be sdected in a manner fliat provides addhiond control over tiie size of the analyte phig. 
35 In addition, the dectrical potenfids can be controlled m a manner that transports 
naterids fiom the fifth and sixth reservoirs tiirough the second uilinection toward the 
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fi« intenecdoo and towanl the fourth re«rvoir .fter t selected vohu-^ of materud from 

the fi« htt«ection u transported through the «ood 

resen«)if. Such contidc-. be used to !«* the -wOyte plug fiirtherdow^ 

chaimd enabling a ««>nd ««lyte pl«g to be injectol thr^ 

5 In another aspect, the ntoodnp laboratory lystem actt as a imc«>dBp 

flow contnrf system to contrd the flow of nntBial through w. hrtersecA^ 
integrated channd. connecting la kasl four rwervoiis. The mtoochip flow ccmtrol 
-«tem Simutaneously applies a controlled elcctricd potential to at least three of the 
«,ervoiis luch that the volume of material transported from the first reservo^ to t 

10 second reservoir through the imersection is selectivdy controB^ 

„K,vmcm of a nuiuaial from a third reservoir through the imeraectfa^^ Preferably, the 
material moved through the third reservoir to adecth^ comn,! the materia 
fh,m the first reservoir is directed towani the »me second reservoir as the mtf^ 
the first reservoir. As such, the microchip flow control system acts as . valve or a gate 

15 that sdccdvdy contnA. the vohm* of material transported through the intersect.on. 
The microchip flow control system can also be configured to aa as a tfspcnscr that 

prevents the first material from moving thnmgh the intersection toward the second 
reservoir after a selerted volume of the first material has passed through the mter^ 

Ahentatively. the microchip flow conlrtd system CM, be configured 

20 that mixes the first and second materials m the imersection in a mamier ttat 

simuhanecusly transports the first and second materials from the imersection toward the 

second reservoh-. „ . - ^ n 

Other objects, advamages and saliem features of the mvention wiU 
become apparem fn>m the following detailed description, which taken in conjunctimt 
25 withlheannexeddnwrings,disdosesprcferTedembodimem$ofthei^^ 



j^ritf rwxrription of the Drawingi ^ ^ f 

Figure li, a schematic view of a preferred embodanenl of the present 

invention; « 
30 Figure2isanenlai«ed.vcrticalsectjonalviewofachamid$hown; 

Figure 3 is a schematic top view of a microchip according to a second 
prefixed embodiment ofthc present invention; 

Figure 4 is an enlarged view of the intersection region ofRguns 3; 
Figure 5 are CCD images of a phig of analyte moving through the 
35 imersection of the Figure 30 embodiment; 
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Figore 6 is a schematic top view of a microchip labonttoiy qstpm 
according to a third prtfaied embodineot of a microchip according to the present 
invention^ 

Figure 7 is a CCD tarmge of "sample loading mode tor iliodatniDe B** 

S (shadedarea): 

Figure 8(a) b a schematie view of the intersection area of the microdrip 
of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 
in Figure 8(»X after sample loading in the pmched mode; 
IQ Figure 8(c) is a photomicrograph taken of the same area depicted in 

Figure 8(aX after sample loading m the floating mode; 

Figure 9 shows integrated fluorescence ngnals for injected vohime 
plotted versus time for pndied and floating injections; 

Figure 10 is a schematic, top view of a microdiip according to a fourth 
15 preferred embodiment ofthc present invention; 

Figure 1 1 is an cnlaiged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred cmbodimcm according to the piescnt mx'eniion; 

Figure 13(a) is a schemadc view of a CCD camera view of the 
20 intersection area of the microchip hboratory ^cm of Fipire 12; 

F^re 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode; 

Figures 13(c)-l3(c) are CCD fluorescence images taken of the same area 
depicted in Figure 13(aX sequentially showing a plug of analyte moving away from the 
25 channel intersection at 1, 2, and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two iqection profiles for didansyl4yane hgected for 2s 
with y equal to 0.97 and 9.7; 

Figure 15 are electropherograms taken at (a) 3.3 cm. (b) 9.9 cm, and 
(c)16.Scm ftom the point of injection for rhodamme B G"" retained) and 
30 sulforfaodamine (more retained); 

Figure 16 is a plot of tilc efficiency data generated fiDm the 
dectropherograms of Figure IS. showing variation of the plate number with., channel 
length for rhodamJne B (square with plus) and sulforhodamine (square with phis) and 
sulfoihodamine (square with dot) with best Bnear fit (soBd lines) for eadi analyte; 
35 figure 1 7(a) is an dcdropherogram of rhodamine B and fluorescein vath 

a separation Add strength of 1.5 kV/cm and a separation length of 0.9 mm; 
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Figure 17(b) is m dcctroplierpgnun of ritodaniine B and fluorescein vnOk 
a separation fidd strength of 1.5 kV/cm and * sqieirtion length of 

Figure 17(c) is an etectropheiograni of ihodamine B and fluorescein with 
a aepantlon Add strength of 1.5 kVAan and a separation length of 11 . 1 mm; 
5 pigffle 18 is » graph showii* variation ofthenuniber of plates per unit 

time as a fijBCtion of the ekctric field strength for ihodaininc B at scpara^ 
1.6 nun (drde) and ll.l mm (square) and for fluorescein at sepanlion lengths of 1.6 
mm (£amond) and 11.1 mm (triaiigle); 

Figure 19 shows a chromatognm of coumarios analyzed by 
10 electrochromatogrsy>hy using the system of Figure 12; 

Figure 20 riiows a chromatogram of ooumarins resuhing fioro irocdlar 

r\K\n^'"^ cafSOuy chromatography usiq the system of Figure 1 2; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 

^stem of Figure 12; 

15 Figure 22 is a schematic, top plan view of a microchip acconfing to the 

Figure 3 embodiment, additionaliy inchidir« a reagent reservoir and reaction channcU 

Figure 23 b a schematic view of the embodimert of Figure 20, showiiig 

appfiedvidtage^ 

Figure 24 shows two dectrpidierograms produced u«i|g the Figure 22 

20 embofiment; 

Figure 25 is a schematic view of a microdiip laboraioor ^cm accordiiig 
to a sxth prtfiared embodimert of the present invention; 

Figure 26 shows the reproducibility of the amoum injected for arginine 

and glydne using the system of Figure 25; 

25 Figure 27 shows the overlay of thee dectrophorctic sgiarations using 

the system of Figure 25; 

Figure 2» shows a plot of amounts injected versos reaction time using the 

9StemofFigure2S; 

Figure 29 shows an dcctropherogram of restriction fragments produced 

30 using the system of Fifi^ 25; 

Figure 30 IS a sdiematic view of a microchip laboratory system accordmg 
to a seventh preferred embodiment of the presem hwention. 

Figure 31 is a sdicmatic view of the apparatus of Figure 21. showing 
sequential appBcations of voltages to.efifecl desired flui(fic manipulatiom; and 
35 Figure 32 b a graph showing the different voltages applied to efiftscttiie 

fluidtc man^Milations of Figure 23. 
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p^led Description of the Tnvciiti<m 

Im^nted, micro-labonttory jystons for inalyzmj or lynthewing 
chemicab miuire t precise way of manipulating fluida and fluid-bonie malerial and 
5 aubjecting the fluids to selected chemical or physical environments tliat produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular deteaton, diSusion times 
and manufiicturing methods for creating devices on a nucroscopic scale, nuniature 
integrated nucro-laboratory systems lend themsdves to channels har/ing dimenaons on 
10 the Older of 1 to 100 micrometers in diameter. Within this context, dectiokinetic 
ptunpmg has proven to be versatSe and eflbctive in transporting materials in 
microfiibricated laboratory systems. 

The present invention provides die tools necessary to make use of 
electrokinetic pumping not only in sq)arations, but also to perform liqiud handling that 
IS accomplishes other important sample processing steps, such as chendcal conversions or 
sample partitionmg. By amuhaneousiy controlling voltage at a plurality of ports 
coraiccted by diamwls in a microcMp structure^ it is possible to measure and daspmc 
fluids wth great predsion. iiux reagents, incubate reaction comiionents, cUrect the 
components towards ates of phyacal or biochemical partition, and subject the 
20 components to detector ^ems. By combiiung these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesizing chemicals. 

Such integrated micro-Iaboratoty systems can be made up of several 
component dements. Component dements eaii mdude fiqind dispersing 
25 nuxmg jystems, molecular partition systems, detector sights, etc. For example, as 
described herdn, one can construct a rdathfdy oomplae system for the identification of 
restriction endonudease sites in a DNA molecule. This single microfabricated device 
thus indudes in a single system the foiitions that are traditionally performed by a 
tcchnidan employing pipettors, incubators, gel dcctrophoresis systems^ and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the mature is 
incubated, and a sdected vohtme of the reaction mbcture is dispensed into a separation 
diaraid. Electrophoreds is conducted concurrent whh fluorescent labefit^g of the DNA. 

Shown in Figure 1 is an example of a nucrochip teboratory system 10 
configured to implemem an entire chcmicd analyris or synthesis. The hboratory qrstcm 
35 10 faidudes sfat reservoirs 12, 14, 16, 18, 20, and 22 connected to eaiA other by a system 
of channels 24 micromadiined into a substrate or base member (not shown m Fig. l\ as 
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cEscuiscd in more detail bdow. Eadi xcservoir 12-22 U in fluid comnumcation with t 
contsp(mdinKdiafmd26,2S,30,32.34,36,and38oftheGh8n^ Tbefim 
diannel 26 leading from the fint feservoir 12 is connected to the second channd 28 
leaAv fiom the second reservoir 14 at a first intersection 38. Likevrise, the third 
5 channel 30 from the thhd reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is connected to the second intersection 40 by a 
reaction chambtf or channd .42. The fifth channd 34 firozn the fifth reaervw 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a four* 
way intersection oFchannds 30, 32, 34, and 4Z The fifth channd 34 also intersects the 

1 0 sixth channd 36 from the sixth reservoir 22 at a tlmd intersection 44 

Tht materiab stored in the reservoirs prefierabiy are transported 
dectraUnetically through the channd system 24 in order to implement the desired 
analysis or synthesis. To provide such dectroldnetic transport, the laboratory system 10 
tndudes a vohase controller 46 capable of applying sdectable vollaige levds. including 

15 groimd. Such a voftage controller can be implemented u^g multiple voltage dividers 
and multiple rdays to obtain the sdectable voltage levds. The voltage controller b 
connected to an dectrode positioned in each of the six reservoirs 12-22 by voltage lines 
V1-V6 in order to apply the dcarcd vokages to the materials in the reservoirs. 
Prefisrably, the voltage controller also includes sensor channels SI, SZ, and S3 connected 

20 to the first, second, and third imersections 38, 40, 44, req)ectivdy, in order to sense the 
voteages present at those intersectiona. 

The use of dcctrokineiic transport on microminiaturized planar liquid 
phase separation devices, desoibed above, is a viable approach for sample maiiipuladon 
and as a pumpii^ mechaznsm for liqtnd chromatogn^hy. The present invention also 

2S eotdk the use of dectroosmbtic flow to mbc various fluids in a controlled and 
r^rodudUe ftshbn. When an appropriate fluid is placed in a tube made a 
correspondin^y appropriate material fimctiond groups ax the surface of the tube can 
ionize. In the case of tubir^ materials that are terminated m bydrcxyi groups, protons 
mil leave the sur&ce and enter an aqueoua solvent. Under such conditions the sur&ce 

30 will have anet negative charge and the solvent will have an excess of posrive charges, 
mostly in the charged double layer at the surfitt. With the application of an dectric 
fidd across flie tiibe. the excess catbns in solution will be attractDJ to the cathode, or 
negative electrode. The movement of these poativechar]^ through the tube will drag 
fliesohfcniwitiitiiem. The steady swtevdodty is ghren by equation 1, 
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where V is the solvent vdocity, e is the cfidectric constsjit of the fluid, 4 is the seta 
potemiai of the suifice. E is the dectric fidd stnaglh. tnd n is the solveni viscosty. 
From equation 1 it ts obvious that the fluid flow vdod^ or flow rate can be controlled 
S through the dectric fidd strength. Thus, dectroosRumscanbeusedas aprpgrBinniishte 
pumping tnechanism. 

The laboratory nricrochip system 10 shown in Figure 1 could be used for 
perfoftning numerous types of laboratory analysis or synthesis, such as ONA sequcndng 
or analysis, dcctrochromatography, nuccUar deetroldnetic capillary chromatography 
10 (MECQ, inorganic ion analysts, and gradient dution Kquid chromatogrBpfay, as 
discussed in more detail bdow. The fifth channd 34 ^icaDy is used for dectrophoretic 
or dectrochromatographic separations and thus may be rebrrvd to in certam 
embodiments as a separation channd or column. The reaction dumber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12, 14. For example, 
15 DNA from the first reservoir 12 could be mbced wth an enzyme from the second 
reservoir 14 in the first intersection 38 and the nuxture could be mcubfied in the reaction 
chamber 42. The nvcubated nuxture could then be tran^orted through the second 
intersection 40 mto the separation column 34 for separation. The vxih reservoir 22 can 
be used to store a fluorescent labd that is mixed in the tlvrd inte r secti o n 44 vnth the 
20 materids separated in the separation column 34. An appropriate detector CD) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservcMT 20. By prodding for a pre-separation cohmin reaction in the first 
intersection 38 and reaction chamber 42 and a post-separadon column reaction in the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normdly implemented manually in a convoiticmd laboratory. In 
addition, the dements of the laboratory system 10 could be used to buQd a more 
conqilex ^em to solve more complex taboratoiy procedures. 

The laboratory microdup ^stem 10 indudes a substrate or base member 
(not shown in Fig. 1) whidi can be an approxhnatdy two inch by one inch piece of 
30 microscope slide (Coming, Inc. #2947). Whflc glass is a preferred materid. other similar 
materials may be used, sudi as fiiscd silica, crystalBne quartz, fiised quartz, plastics, and 
silicon fif the surfece is treated suffidenlly to dter its resistivity). PrefcrAly. a non- 
conductive materid such as glass or fiiscd quartz is used to dlow re alively iugh dectric 
fidds to be appfied to dectroKneticaHy transport materids dirough diannds in the 
35 microchip. Scnuconducfing materials sudi as silicon could also be tsed, but the dectric 
fidd applied would normally need to be kept to a minimum (approximately less than 300 
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volts per centimeta uang present technques of pravidiQg iosubtiiig laytxsX wMch nay 
provide nauflkacnt ckct rol dnB t ic movement 

Tbe ciuuuid pattern 24 is fonned b a planar suiftce of the siih^^ 
phfttwlithngrapliie proccdurei followed by cheanical wet tbtiang. The dnnnd 
pattern im^ be tiaxufimd onto the substrate with a poathrei^^ 1811) 
and an e4>eam written chrome mask (Institute of Advanced Mantiftcturing Sciences, 
Inc.). Tlie pattern be cfaenrially etched u»ng HF/NH4F sohdion 

After fonning the channel pattern, a cover plate may then be bonded to 
the substrate u»ng a direct bonding techmciae whereby the substrate and the cofwer p^ 
suifieesarefirsihydrolyiedinaifihiieNEWH/HiDaSobtionand ih^ The 
assembly is then annealed at about 500« C m order to insure proper adhesion of the 
cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are afBxcd to the 
substrate, with portions of the cover plate sandwiched therebetween, using epoxy or 
15 other suitable means. The reservoirs can be cylindrical wth open opposite axial ends. 
Typically, dectrical contatt is made by placing a platinum wire dectnde m each 
reservoiis. The electrodes are connected to a vota«e controller 46 wWch applies a 

desired potential to seleet electrodes, in a manner described in more detaH bdow. 

A crass section of the first channel is shown in Figure 2 and b identical to 
the cross section ofeachofthe other integrated channels. When using a non^rysiaffine 
material (such as glass) fcr the substrate, and when the channels are chemically wet 
etched, an isotropic etch occurs, i.e., the 1^ etches uniformly in all directions, and the 
resulting channel geometry is trapewidal. The trapeioidal cros.s section is due to 
"undercutting" by the chemical etching process at the edge of the pholoiesisL In one 
embodiment, the channel cross section of the ilhistrated enibodhnent has a 
52 Mm m depth, 57 lun in width at the top and 45 |im in width at the bottom. In 

another embodfanenl, the channel has a depth "d" of lOpni, an upper width "wl" of 
90pm, and a tower width ^^2" of 70pm. 

An important aspect of the present invention is the controlled 
dcctroldnetic transportation of materials through the channel system 24. Such 
controQed electroldnelic transport can be used to dispense a selected amount of material 
from one of the reservoirs through one or more intersections of the chamri structure 24. 

Alternatively, as noted Aove. sdected amounts of materials ftom two reservoirs can be 
transported to an intersection where the materials can be mixed in desired 
35 conoentraticms. 
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Shown in Figure 3 is t iabonuory component lOA that can be used to 
implement a preferred melted of transporting materials dmnigb a chaood stnicturc 24A. 
Tbe A foOovnng each number in Figure 3 indicates that it oorrespoAds to an analogous 
5 dement of Figure 1 of Oe same number ^rithout the A. For sinq>Eeity, the electrodes 
and the connectionii to the voltage controller that controls Ae transport of materials 
through the diannd system 24A are not shown in Figure 3. 

The niicrodup laboratory system lOA shown in Figure 3 controls the 
amount of material firom the first reservoir 12A transported through the intersection 40A 
10 toward the fourth reservoir 20A by electroldnedcaDy opemng and dosing access to the 
imersection40A from the first channd26A As sucl^ tbe laboratory' microchip system 
IDA essentially implements a controlled electroldnetic valve. Such an electrokineUc 
valve can be used as a dispenser to dispense selected volumes of a «n jle material or as a 
Ru«r to mix sdected vohmies of pbral matcriab in the intersection 40A. In general, 
IS dectro-osmons is used to transport **fluid materials" and dectrophoresis is used to 
transport ions without transporting the fluid material surrounding the tons. Accordingly, 
as used herein, the term '^matcriaT is used broadly to cover any fbnn of material, 
induding fluids and ions. 

The bdimtoiy ^em lOA pnmdcs a continuous undireedond flow of 
20 fluid through the sepandon channd 34A. Tins iiyecdon or diq^nsing scheme ody 
requires that the vdiage be changed or removed fiom one (or two) reservoirs and allows 
the fourth reservoir 20A to remain at ground potential This will allow injecdon and 
separation to be perfonned with a single polarity power supply. 

An edarged view of the intersccdon 40A is dumn m Figure 4. The 
2S directiond arrows indicate the tune sequence of the flow profiles at tlie mtersecdon 40A. 
The solid arrows show the mitid flow pattern. VoU^ at the vaious reservoirs are 
a^usted to obtain the described flow patterns. The imtid flow pattern brings a second 
materid from the second reservoir 16A at a suflBdent r4ite sudi that all of the first 
materid transported fix>m rcscrvou- 12A to the imersecdon 40A is pushed toward the 
30 third reservoir ISA. In general the potentid distribution will be such that the highest 
potentid is m the second reservoir 16A, a slightly lower potendd in the first 
reservoir 12A. and yet a lower potentid in the third reservoir UA, with the fourth 
reservoir 20A bdng grounded. Under these comStions. fte flow towards the fourth 
reservoir 20A is soldy the second materid from the second reseivar 16A 
35 To dispense materid from the first reservoir 12A thrcu^ the mtersection 

40A. the potentid at the second reservoir 16A can be switdied to a vdue less than the 
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potential of the first reservoir l2AorthepotentiBliatreKrvoir8 16A and/or ISA, can be 
floated momentarily to provide die flow ibown by the ihort dashed arrows in Figure 4. 
Under lliese cowCttons^ the primary flow will be from the flrst reservoir I2A down 
towards flie separation channel waste reservoir 20A. The flow frrun the second and 

5 tlurdreservcnrs 16A» ISA win be srnaD and could be in either di This condition is 
held long enough to transport a desired amount of material from the first reservoir I2A 
through the intersection 40A and into the separation channel 34A. After sufficient time 
for the desired material to pass through the intersection 40A, the voltage distribiition is 
switched back to the ori^nal vahies to prevent additiond material fro^ 

10 12A from flooring dvotJg^ the intersection 40A toward the sqyaranon channel 3 4A. 

One appHcation of such a ''gated dispenser^ is to iqect a controlled, 
variable-sized plug of analyte fnm the first reservoir 12A for electrophoretic or 
cfaromatographic separation in the separation channel 34A. In sucli a system, the first 
reservoir 12A stores analyte, the second reservoir 16A stores an ioriic buffer, the third 

IS reservoir ISA is a first waste reservcnr and the fourth reservoir 20A is a second waste 
reservmr. To iryect a small variable phig of ana^e from the first reservoir I2A, the 
potentials at the buffer and first waste rcsorvmrs 16A, ISA are nnply floated fru" a short 
period of time (« 100 ms) to allow the analyte to migrate down the separation oobmn 
34A. To break off the tryection plug, the potentials at the buffer rcsarvoh* 16A and the 

20 first waste reservoir ISA arc reapplied. Ahematively, the valvi(\g sequence could be 
effected by bringing rcscrvcHrs 16A and ISA to the potential of the inu»ection 40A and 
then returning them to thdr original potentials. A shortfall of this method is that the 
composition of the iigected phig has an electrophoretic mobility bias wherdqr the ftster 
migrating compounds are introduced preferentially into the separation column 34 A over 

2S slower migrating compounds. 

In Fi^tre 5, a sequential ^ew of a plug of analyte moving through the 
Immectionofthe Figure 3 embodiment can be seen by CCD images The analyte bdi« 
pumped through the laboratory system lOA was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or mterscctior is the same as in 

30 Figure 3. The first image, (AX shows the analyte bang pumped through the injection 
cross or intersection toward the flrst waste reservoir ISA prior to the iigection. The 
second mrngfi, (B), shows tite analyte plug being injected mto the separation cohmm 
34A. The third image, (C), depicts the analyte plug mo^ag away from the injection 
mtersection after an irijection phig has been completely introduced into the separation 

35 column 34A. The potentials at the buffer and first waste reservoirs 16A, ISA were 
floated for 100 ms while the wnp\Q moved into the separation column 34A. By the time 
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of the (Q toage, the dosed gate snode has resumed to 

through the mtenection 40 A mto the sqwation eolumn 34\ and i dean nvectioo phig 
with a length of 142 has been ntioduced into the AscSscussed 
bdow» the gated iqjector contributes to only a minor fraction of the total plate height 
S The iijection phig length (vohime) is a fiuution of the time of the injection and the 
dectric fidd strength in the cohunn. The shape of the mjccted phig is skewed slightly 
because of the directionality of the deaving bufier flow. However, fur a given mjection 
period, the rqprodudtnfity of the amount tx^ected. detemuned by integrBting the peak 
area, is 1% RSD fbr a series of 10 lepficate injections. 

10 Electrophoresis experiments were conducted using the microchip 

laboratory system IDA of Figure 3, and employed methodology according to the present 
inventioa Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
dc\ice (CCD) camera was used to monitor designated areas of the chip and a 
photomultiplier tube (PMT) tracked sngle point events. The CCD (Princeton 

IS Instiunents, Inc. TE/CCD-S12TKM) camera was mounted on a stereo microscope 
QHkon SMZ-UX and the bboratory ^em lOA was Qhmunated using an aigon ton laser 
(S14.S rnn. Coherent Innova 90) opcmSxig as 3 W wtb the beam expanded lo a circular 
spot w 2 cm m diameter. The FMT, with coUcctbn optics, was fituated below the 
microchip with the optica! axis perpendicular to the microchip surface. The laser was 

20 operated at approximately 20 mW, and the beam impinged upon the microchip at a 45*" 
angle from the microchip surface and paraOd to the separation channel. The laser beam 
and PMT observation axis were separated a nS"* angle. The point detection scheme 
employed a hdium-^neon laser (543 on, FMS Electro-optics UTGP-OOSl) with an 
dectronMter(Kdthl9 617) to monhorreq)onseofthePNCr(Orid 77340). The voltage 

25 controller 46 (Spdbnan CZE lOOOR) for dectrophoreas was operated between 0 and 
44.4 kV idalivc to ground. 

The type of gated injector described vnth respect to Fi^^ures 3 and 4 show 
electrophoretic mobtUcy based bias as do conventional dectroosmotic injouions. 
Nonetheless, this approach has ^mplid^r in voltage switcMnt; requiremems and 

30 fiibrication and provides continuous uni&ecdonal flow through die sq)aratton channel. 
In addition, the gated injector pfrawdes a method for valving a variable vohime of fluid 
into the separation channel 34A m a manner that is predsdy controlled by the electrical 
potentials appfied. 

Another application of the gated dispenser I DA is to dihite or mix desired 
35 quantities of materials in a controlled manner. To implement such a nuxing scheme in 
order to mbc the materials from the first and second reservoirs 12A, 16A, the potential*; 
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in the first ud second channds 26A, 30A need to be nuuntiinrd Ugher tlmh the 
potendal(tftheintenecdon40Adurii«]iB»qB. Such poteatiils >RnD caose die matedBb 
fiom the fint and aeeond reservnn 12A and 16A to « m u lt a n c o iiriy move thnwgb the 
tmenecUtm 40A and tfierd)y nix the t«»o natcriab. The potentials applied at the fint 
5 and second leservoin I2A. 16A can be adjusted as desred to achieve the sdected 
concentration of each material. After dispensing the desired moaits of each material, 
the potendal at the second lesavoir 16A may be increased in a nanner suilScient to 
prevent fuitfaer material from the first reservmr 12A ftom bang transported through the 
intersection 40A toward the tMid reservoir 30A 

10 

Analvtefaiector 

Shown in Figure 6 is a mlcrodnp analyte injector lOB according to the 
present invention. The channel pattern 24B has four distinct channds 26B, 30B. 32B. 
and 34B micromacfaincd into & substrate 49 as discussed ibofve. Each channel has an 

15 accompanying leservoir mounted above the teniunus of eadi channel portion, and all 
four channds intersett at one end in a fijur way intef»ectioo4QB. The opposite end* of 
eadi section provide termiid that extend just beyond the peripheral edge of a cover p^ 
49 mtnmted oa the nAstiate 49. The analyte hijector lOB shown in Figure 6 is 
substantially identical to the gated dispenser lOA except that the electrical potentials are 

20 appfied *m a mamier that injects a volume of material firomiisservoir 16% thnju 

intersection 40B rather than from the reservar 12B and the vohmie of material injected 
is controlled by the sze ofthe intersection. 

The embodrnwit shovra in Figure 6 can be used fx various material 
manipulations. In one appOcation. the laboratory qrstem is used to in.ect an analyte from 

25 an analyte reservoir 16B through the interaocfion 4aB fi)r aeparalicn in the separation 
channd 34B. The analyte injector lOB can be operated in either "toid" mode or a "nm" 
mode. Reservoir 16B is supplied with an analyte and reservoir I2B with buffer. 
Reservdr 18B acts as an andyte waste icservmr, and reservoir 208 acts as a waste 
reserviur. 

30 In the "load" mode, at lead two types of ana]>ie introduction arc 

possible. In riio first, known as a "floating^ loading, a potential is applied to the analyte 
reservoir ICBwitii leservoir 18B grounded. At tiie same time, reservoirs 12B and 20B 
are floating, meaning that they are ndtber coupled to tiie power source, nor grounded. 

The second load mode is 'pint^* loa^ P^*"'^ 
35 simultaneously applied at reservoirs 12B, 16B, and 20B, with reservoir 18B grounded m 
order to control ti»e iigection plug shape as discussed in more deuul bdow. As used 
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hcrttn, simultaneousiy controUing dec&kal potemials at plural reservoire that the 
dectrodes are corniedcd to a opoati^g power aouroe at the aame chemicaOy aignificam 
timeperiod. I^ating a reservoir means disconnect!^ 
the power source and thus the electrical potent at the leservoir b rot comrcA^^ 
5 Inthe'^"mode»apoteQdaIisap{diedtothebufiroc-re^^ I2Bwith 

resen^ir 20B grounded and mth reservoirs 16B and 18B at approximately half of the 
potential of reservoir 12B. During the nm mode, the relatively high potential applied to 
the buffer reservoh* 12B causes the ana^ in the intenection 40B to move toward the 
waste reservoir 20B in the separation cohnnn 34B. 

10 Diatgnostic experiments were performed using riiodamine B and 

sulforiiodamine 101 (Exciton Chcnucal Co., Inc.) as the analyte at 60 ^ for the CCD 
images and 6 ^M for the point detection. A sodium tetraborate bufl'a* (50 mM. pH 9.2) 
was the moUle phase in the experiments. An injection of spatiaUy well defined small 
volume ( 100 pL) and of small longitudinal extent ( « 100 ^m), iiijectton is benefidal 

IS v/hm performing these types of analyses. 

The analyte is loaded into the iiyectioa crass as a firontal 
elcctropherogram, and once the finont of the slowest analyte component passes thnn^ 
the injection cross or intersection 40B, the analyte is ready lo be analyzed. In Figure 7, a 
CCD image (the area of which is denoted by the broken line squ»^e) displays the flow 

20 pattern of the analyte 54 (shaded area) and the buffer (white area) tlirou^ the region of 
the uijectton intersection 40B. 

By pinching the flow of the analyte, the volume of the analyte phig us 
stable over time The sli^ symmetry of the plug du4)e is due to the diffcrcm elects 
field strengths in the buffer channd 26B (470 V/cm) and the separation channel 34B 

25 (100 V/cm) when 1.0 kV is applied to the buOer, the analyte and the waste rescnroifs, 
and the analyte waste reservoir is grounded. However, the dilfereiu field strengths do 
not influence the stability of the analyte plug injected. Ideally, iirtien the analyte plug is 
injected into the separation channd 34B, only the analjte in the injection cross or 
intersection 40B would migrate into the separation channel. 

30 The vohime of the injection plug in the injection aoss is appronmaiely 

120 pL with a phig length of 130 ^m. A portion of the analyte 54 ir. the analyte channd 
30B and the analyte waste channd 32B is drawn into Ihe scpaiation dsannd 34B« 
FoUowing the switch to the separation (run) mode, the volume of the injecdon phig is 
approximatdy 250 pL with a phig length of 208 pnL These dimensions arc estimated 

35 from a scries of CCD images taken immediatdy after the switch is made to the 
separation rnoic 
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The two modes of loading were tested for the anivx introduction into 
the sqnration dunnd 34B. The malyte was plwed in the jwalyte rwcrroir 16B, tod in 
^oth fayecdoB schemes was ^transported* in the direction of reservoir 18B, a waste 
reservmr. CCD images of the two types of iioections are dq)icied in Ftpires S(a)-8(c). 
S Figure8(a) schematically ahows the inteneeiion 40B, as wdl as the end portions of 
dnanda. 

The CCD image of Figure 8(b) is of loading n the pinched mode, just 
prior to bong switched to the run mode. la the pinched mode; anaMe (shown as white 
agahist die daritbad^iouwO is pumped dectrqihoietically and decirooamoticaHy finom 
10 iesen«irl6B to ieser»oirl8BC^ to light) with bufcfitim the buffer 

(top) and flie waste reservo'tf 20B (bottom) travefing toward reservcir 18B (right). The 
voh^ges applied to reservoirs 12B. 16B. 18B, and 2QB were 90%. 90%. 0. and 100%, 
req)ectiveiy» of the power supply output which correspond to dectric fidd strengths b 
the correspowfing channds of 400, 270, fi90 and 20 V/cm, respedively. Ahhoughthe 
15 voltage appfied to the waste reservoir 20B is higher than voltage applied to the analyte 
reservoir 18B, the additional lei^th of the scpamtion channd 34B compared to the 
att^ytedumne! 30B provides additional dectiical resistance, and thus the flow ftom the 
analyte bufier I6B mlo the inlcnccdon predominates. Consequently, the analytc in the 
hyection cross or imersection 40B has a trapezoidal shape and is spatially constricted in 
20 the diannd32B by this matetial transport pattern. 

Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 16B to 18B as in the pindicd injection except no poisntiai is applied to 
reservoinl2Band20B. By not contn>ning the flow of moWte pihase (buffer) in channd 
portions 26B and 34B. the analyte is fiee to expand into these diannds through 
25 convecfive and (fifBiaive flow, therdvresultii«in^m^ 

When compating the pinched and floating ii«ections. the pinched ixyccfion 
is superior in three areas: temporal stabiUty of the mjeded vohnne. the predsion of the 
iiqected volume, and plug length. When two or more analytes »vith vastly diffbem 
mobifities are to be analyzed, an injection with temporal stabiBl> insures that equal 
30 volumes of the fester and slower moving analytes are introduced into the separation 
cohmm or diannd 34B. The Wgh reprodudbility of the injedion vatame fedlitates the 
ability to perform quantitathre analysis. A smaller phig length leads to a higher 
separaflon elHdency and, consequently, to a greater component capacity for a given 
instrument and to higher speed separations. 
35 To determine the ten^oral stability of each mode, a scries of CCD 

fluorescence images were coUccted at 1.5 second intervals starting just prior to the 
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analyte resdiing the injecdoa An csUmate of the amoum of analyte 

that is mjected was detanuied iy intQ;iitiiig the fiuoresoencc in the iftferaection 40B 
aiidGhannds26Band34B. This fluorescence is plotted vCiW time in 1^ 

For the pinched injection, the injected volume stabib/es in a few seconds 
5 and has a stability of 1% relative standaid deviation (RSD), which is compaiable to the 
stability of the iUuffunattng laser. For the floating injection, the amcunt of analyte to be 
injected into the separation channel 34B increases with time because of the di^ersive 
flow ofanalyte into channels 203 and 34B. For a 30 second injection, the vohime of the 
iigectton plug is ca. 90 pL and stable for the pinched nyection veisus ca. 300 pL and 

10 continuously uicreasii^ with time for a fioatii^fa^ 

By monitoring the separation duumel at a point 0.9 cm fiom the 
intersection 40B, the reprodudbHity for the pnched inj^tion node was tested by 
integrating the area of the band profile following introduction into ths separation channel 
34B. For sbc injections with a duration of 40 seconds, the reproducibility for the pinched 

15 ejection is 0.7% RSD. Most of this measured huxability js fitun the optical 
measurement system. The pindied mjection has a higher rqmdudbifity be 
temporal stability of the vobme iqjected. With dectrDnicall^- controlled vohage 
smtching, the RSD is ocpectcd to improve for both sdsemes. 

The injection plug mdth and, ultbnatety, the resohition between analytes 

20 depends hirgely on both the flow pattern of the analyte and the dimensions of the 
injection cross or intersection 40B. For this column, the width of the channel at the top 
is 90 ^m. but a channel width of 10 tun is foaaUe which would lead to a decrease fai the 
vohune of the injection plug from 90 pL down to I pL with a pinched irgectimL 

There are situations vAiere it may not be desirable to reverse the flow in 

25 the separation channel as described above for the ^pinched" and "floating* injection 
schemes. Examples of such cases might be the injection of a new saiiq>le plug before the 
preceding phig has been completely ehited or the use of a post-column reactor vAicre 
reagent is continuously bdng injected into the end of the separation cobmn. In the latter 
case, it would in general not be desirable to have the reagent flowing back up into the 

30 separation channd. 

Altmffltff Anfllytg IniwtQi: 

Figure 10 illustrates an alternate analyte iqcctor system IOC having six 
different potts or channels 26C, 30C, 32C, 34C. 56, and 58 respectively connected to six 
35 dfSkmt reservoirs 12C. 16C» ISC, 20Q 60. and 62. The letter C after each element 
number indicates that the indicated element is analogous to a corresiKmdingly numbered 
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dements of Figure 1. Tb» microchip taboritfory system IOC is sirailar to labonloiy 
systems 10, lOA. and lOB descnTjed pnwlously. » flat an 

40C is provided. In the Figure 10 cntoSmem, a second intersecdoo 64 and two 
additional reseivoirs 60 and 62 arc also provided to overcoaae the ptoMems with 

5 feveiaag the flow in the separation channd 

Like the previous enibodiments, the analyte injeaor system IOC can be 
used to implemeat an analyte separation by dcorophoresis or chromatogmphy or 
dispense material into some other processing elemenL In the taboratoiy fl«tem IOC. the 
reservoir 12C contains separating buffer, reseivoir 16C contains the andyte. and 

10 reservoirs 18C and 20C aw v«5te resenwa. Intcraection40C|a^ 

thepinchedmodeaaintheeo*bdimentshowninFigurB6. The lower intcrsecUon 64. m 
lUad oommimication with leservoin 60 and 62. are used to provide additi^ 
that a continious bufier sUtam can be firected down towaids the u aste reseivoir 20C 
«d when needed, upwards toward the injection intersecUon 40C. Reseivoir 60 and 

IS att^ehannd 56 ar« not necessaiy.althcuBh they improve perfbrmanee by redudn^ 
band broadening as a phig passes the lower intersection 64. In many eases, the flow 
ftom reservoir 60 will be symmetric with that from reservoir 62. 

Figure His an enlaiged view ofthe two intersections 40C and 64. The 

diSeienl types of arrows show the flow directions at ghren instances in ^ 
20 ofaitogofanalytcirtotheseparationchannd. Thesolidarrwsshowtheinitialflo^ 
pattern where the analyte is dectroldneticaDy pumped into the uppr irteisection 40C 
and -piKshed" by material flow from reservoirs 12C, 60. ami 62 toward this same 
intersection. Flow away from the injection inteisection 40C is carried to the analyte 
waste reservoir 18C. The analyte is also flowing from the reservoir 16C to the analyte 
25 wMtt reservoir 18C. Under these oowlitions, flow from reservoir 60 (and n»cn^ 
ttdso going down the neparatimidiamid 340 to the waste reservoir Sudi.flow 
pattern is created by simultaneously controlling the electrical potentials at all s« 
vcsccvoirBi 

A plug of the analyte is iiyected through the injectfln intersection 40C 
30 into the separation dumnd 34C by "Winding to the flow pn^ 

dashed arrows. Buffer flows down from reservoir 12C to the injedion intersection 40C 
,„d towards reservoir. I6C. 18C. ««l 20C. This flow profile also pushes the anal^ 
dug toward *aste reservoir 20C mto the separation dianmd 34C M de^^ 
Thb flow profile is hdd for a sufficient length of lime so as to move the analyte phig past 
35 thelowcrintef8edion64.TheflowofbufIerfromre3ervoi«60a«162shouldbelowas 
j«ficated by the short «row and imo the separation d«ind 34C to rainimize distortion. 
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The distance between the uppa and lower iiiterseai*»5 40C and 64, 
respectWdy. should be as smaO as posable to amaixb phig distoition and criticality of 
tinai« in the switching between the two flow Gondhion^ Electnxks for aaisii« the 
decttical potential iniv >1m be pbced «t tlie lower intenecnon and i« the dianndfi 56 
5 and tty f »«» ««^tMting the dectiical potentiab fiar proper flow control Accurate 
flow control at the lower intcrsecdon 64 be necessaiy to preve:it undesired band 
broadeniqg. 

After the sample phig passes the lower intersection, the potentials are 
switched back to the initial conditions to ^ve the oripnal flow profile as shown wth the 

10 long dashed arrows. This flow pattern will altow bdfa- flow into the separation chamid 
34C while the next analyte plug is being transpotted to the plug fbnmng rcffon in the 
upper interwetion 40C. TMs iiijection scheme will allow a rapid succession of injections 
to be made and nuy be very important for samples that are slow to migrate or if it takes 
a loqg time to adueve a homogeneous sample at the upper intcrsecdon 40C such as with 

15 entangled polymer sohitions. TWs implemenlalion of the pinched injection also 
maintains unidirectional flow through the separation duumd as nnghi be required fbr a 
post-cohmm reaction as discussed below with respect to Figure 22. 

guypentine Channd 

20 Anothv embodiment of the invention is the ntodoficd analyte injector 

system lOD shown in Figure 12. The laboratoiy ^stem lOD shown in Figure 12 is 
substandaily identical to Ae taboratory system lOB shown in Figpre 6, except that the 
separation channd 34D follows a serpentine path. The serpentine path of the separation 
diannd 34D allows the length of the separation channd to be greatly increased without 

25 aibstandaIlyincreasingtheaieaofthesifl>strate49Dneededtoinipl^^ 

path. Increasmg the length of the separation channd 34D increases the dulity of the 
bboratoiy system Iflb to distingwA dements of an andyte. In one particularly 
prefoied eniwdiment, the enclosed length (that which is covered by the cover plate 
49I>) of the diannds extending from reservoir 16D to resovoir 18D is 19 mm, while the 

30 length of channd portmn 26D is 6.4 mm and channd 34D is 171 mm. The turn radius of 
each turn of the channd 34D. wUdi serves as a separation column, is 0.16 mm. 

To perform a separation uang the modified andyte injector system lOD, 
an andyte is first loaded in» the iiyection mtersection 40D using one of the loading 
methods described above. After the andyte has been loaded into the intersection 40D of 

35 the nucrodfip laboiulory system 10. the voltages are manually switded from the loading 
mode to the ran (separation) mode of operation. Figures I3(a)-13(e) illustrale a 



wo 96/04547 



21 



PCr/US9Sy09492 



separation of diodandno B (jess retained and suUbriiodamiQe (more fttaine^ using the 
foDowipg conations: Eitf«400 V/cm, £.-150V/cni, lmffic=50inM$odhim 
tetnborate at pH 9^. The CCD images demofurtrate the separation process at 1 second 
intervals, ^th Figure 13(a) duiwing a schematic of the section of the cUp insagcd, and 

5 with F«ures 13(b>13(e) Ammi the s^aration unfold 

Figure 13(b) again shows the inndied mjection with the applied voltages 
at reservoirs 12D. I6D, and 20D equal and reservoir 18D grounded. Figures 13(c> 
13(e) shows the plug moioiv away from the mtecsoctton at 1» 2, and 3 seconds* 
lespecih^, after SMtdnng to the run mode. In F^ire 13(cX tlie iiyectton phig is 

1 0 migrating around a 9(r turn, and band distortion is vidk due to the inner portion of the 
phig tnivding less distance than the outer poition. By Figure 13(d\ the waJytes have 
squratcd into distinct bands» which are distorted in the shape of a paraDdogrvn. In 
Figure 13(e), the bands are well separated and have attained a more recumgular shape, 
j.e., collapsing of the paraDelogrun, due to radial diBiisipn, an additiimal contribution to 

IS effidcncyloss. 

When the Bm\A is made from the load mode to the run mode, a clean 
break of the injection phig from the anaiyte stream is deared to avoid tailing. This is 
adiievcd by pumping the mobile phase or buffer from channel 26D into channels 30D, 
32D, and 34D amultaneously by maint»mng the potential at the intersection 40D below 

20 Ae potential of reservoir I2D and above the potentials of reservoirs 1 6D, 18D, and 20D. 

In the representative experiments described herein, lite intersection 40D 
was mamtained at 66% of the potential of rescrvofr IZD during tlie run mode. This 
provided suffidcnt flow of the anaiyte back away from the injection mterseciion 40D 
down Gfaanttds 30D and 32D without decreasing the field strength in the separation 

25 channel 34D significantly. Menialc diannd designs wodd aHow a greater fraction of 
the potential applied at resen^ir 12D to be dropped across the separation channel 34D. 
thereby improving efficiency. 

TWs three way flow is demonstrated in Figures 13(c)-13(e) as fte 
analytes in channels 30D and 32D Qe& and right, respectively) movfi fliither away from 

30 titc imenwtion with time. Three way flow permits weD^e^ 
with mmimal bleed of the anaiyte into the separation channel 34D. 

Qftestoa . r 

In most applications envisaged for these integrated microsystems for 

35 chemical analysis or synthesis h wiU be necessary to quantify iht inalcrial present in a 
channd at one or more positions simitar to conventional labo-atoiy measurement 
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processes. Techniques typtcsny utSzed ibr qu^ 

opticsl absorbance, refiactive index Ghaqge^ fluorescence endsaon, ctenihuniRescenoe, 
various fomis of Raman spectroscopy, electrical conductometflc measorcmenla, 
dectrochemical amperiometric mcasuremeiits, acoustic wsve propaga jon mcasurexncaits. 
5 Optical absorbence measurements are commonly employed mth 

conventional laboratory analy«s systems because of the genoalhy of the phenomenon m 
the UV portion of the dectromagnetic qiectnwt OptictI abaorbeace is commonly 
determined by measutinig the attenuation of impmging optical ponver as it passes through 
a known lengthen material to be quantified. Aheroative approadics arc possible with 

10 laser technology including photo acoustic and photo thermal Techniques. Such 
measurements can be utilized with the microdup technology cfiscussed here with the 
addhional advantage of potentially integrating optical wave guides on microfabricated 
dewces. The use of solid-state optical sources such as LEDs and diode lasers with and 
without frequency conversion donents would be attractive for reduciioo of system size. 

15 Integration of solid state optical source and detector technology onto a dnp does not 
presently appear viable but may (me day be of interBSt 

Refractive index detectors have also been corunonly used for 
quantification of flowing stream chemical analysis systems because of geniality of the 
phenomenon but have typically been less sensitive than opdcal absoqition. Laser based 

20 implementations of refractive index detection could provide adequate sensitivity m some 
situations and have advantages of simpfichy. Fhtorescence enusson (or fluorescence 
detection) is an extremdy sensitive detection technique and is comir.only employed for 
the analysis of biological materials. This approadi to detection has much relevance to 
miniature chemical analysis and synthesis devices because of the sensithdty of the 

25 technique and the small volumes that can be manipulated and analyzxl (vohimcs in the 
picoliter range are feasible). For example, a 100 pL sample vohmse with I nM 
concentration of analyte would have only 60,000 anaiyte molecules to be processed and 
detected. There are several dcmonstratiofiS in the fiterature of detectmg a single 
molecule in sohitton by fluorescence detection. A laser source is often used as tiie 

30 cxdtation source fi>r ultrasensitive measurements but convcitiond fij^t sources such as 
rare gas discharge lamps and light emhting diodes (LEDs) are also used. The 
fluorescence emission can be deteaed by a photomultiplier tube, pliotodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 

35 Raman spectroscopy can be used as a detection method for microdup 

devices with the advantage of gaining molecular vibrational information, but wth the 



WOM/04S47 



23 



PCTAJS95/09492 



disadvinoge Of rdativdy poor «n«th^ Sci«tha.y li.* be« ina«cd thioogh 
suiflw enhanced Ramw ipectioscoiy (SER^ 

Ekctiical or etecwcheniical detecdoo appioachea are also of part^uhr 'atcrcst for 
imteaatafion on microchip devices due to the ease of integration onto a 

5 Hdc»»«ated structure and the potentially Wghsensiti^ 

most general approach to decliical quantification is a conductometnc measurement. <.*.. 
.measurement of the conductivity of an ionic sample. The presewe of an wniaed 
.Mhrte can correspondingly incn«se the conducthd^ of a fluid and this tfow 
quantification. Amperiometric measuianents imply the oeasuretneot of tl« curmit 

10 throughanelectfodetttgivendectiicdpoteafialduetothert^ 

molecule at the dectrode. Some sdeclhnty can be obtained by eonirolBng the potential 
of the electrode but H is minimal. Amperiometric detectior is i less general technique 
than conductivity because not all molecule, can be reduced or oxidized within the lumted 
potentials that can be used with common solvents. Sensitwitics in the I nM range have 

15 been demonstrated in small volumes (10 nL). n» other advantage of this technique is 
that the number of dectrons measured (through the currem) is equd to the nuiitf^ 
molecules present The dectrodes required for other oftheseddeclion methods can be 
tad«kd on a microftbricated device tfaro(«h a phoioBthographic pattermng and metal 
depodtion process. Electrodes eouW dso be used to initiate a diemih^nin^^ 

20 det«:6on process, i*.. an exdtedsute molecule is generated vU an oxidauo^^^ 
process which then transfers to energy to an analyte molecule, aubs^ently emituog a 

photon that is dcteaed. . , • « 

Acoustic measurements can also be used Bar quartifcation of matenals 

buthavenotbeenwidelyuscdtodate. One method that h« been us«Ipri««ilyfcr*» 
25 phase detection U the atlemiation or ph«e shift of. .irfkce .const* ^ 

Adsorption of m«erial to the «»fcce of . «A«i«c where a SAW is pmpagatmg ^ 
the propagation diar««eristics and dlows a eoncentretion dcterminatioa Sdectivc 
BrtLTLsurfi^eoftheSAWdeviccareoftenused. Similar tedunques miqr be 

usefid in the devices described hcrdn. 
30 The mbdng capabilities of the nucrodup laboratory- systems described 

herein lend themselves to detection processes th« '"^^ ^'^-^^^^ 
r«gcntt. Dcrivatization reacdons »e commoriy used m b»d«^^ 
e«^le. «»no ««ds. peptide. ««! protdns «e commonly to^ 

or o-phthaUialddvte » produce fluorescent molecuks that are easdy 
35 ZrtaMc Altcmativdy. an enzyme could be used as a bbdingmcleo^^ 

faduding substrate, cmdd be added to provide an enzyme ampUfied detecUon sdiemc. 
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i,e., the cn^e produces a detectable product There are many eaamples^vfaere such an 
approach has been used in ooirvemianal Uboratory procedures to enhance detecdon, 
either by absorbeitce or fluoresceocc. Afhird example of a detection method that could 
benefit from integrated nubdng inethods is In these ^pes 

S of detection scenarios, a reagent and a catalyst are mbced with an appropriate target 
molecule to produce an excited state molecule that emitt a detectab e photon. 

Anahte Stacking 

To enhance tbe senatrrity of the nucrochip labonirory system lOD, an 
10 analyte pre-concentration can be performed prior to the sqiamiioa Concentratron 
enhancement is a valuable tool espedaDy when analyzing environmental samples and 
biolo^cal materials, two areas targeted by microdup techtiolpgy. Analyte staddr^ is a 
convenient technique to incorporate with deorophoretic analyses. To employ analyte 
stacking, the analyte is prepared in a buffer with a lower conductivhy than the separation 
15 buflfer. The difference in conducti^^ causes the ums in the analyte to stack at the 
be^nning or end of the analyte phig, tfaaeby resulting in a conct^ntrated analyte plug 
portion that is detected more easily. More elaborate preconcentration techniques inchide 
two and three buffer systems, i.e., transent isotachophoretic preconcentration. It will be 
evident that the greater the number of sohxtions involved, the more difficult the injection 
20 technique is to implement. Pre-concentration steps are wdl suited for implementation on 
a microchip. Electroosmotically driven flow enables sq>aration and sample buSm to be 
controlled without the use of valves or pun^s. Low dead volume connections between 
diannds can be easily fiibricated enabfing fluid marupulation with high predskm. speoA 
and reproducibility. 

25 Referring again to Figure 12, the pre-concentratidn of the analyte is 

performed at the top of the sq)aration channel 34D using a modiFed gated injection to 
stack the analyte. First, an analyte plug is introduced onto the separation charmd 34D 
U^g etectroosmotic flow. Tbe analyte plug is then followed by rrore separation buffer 
from tbe buffer reservcrir 16D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buffers. Dansyiated amino adds were used as the analyte, wMch 
are anions that stadc at the rear boundary of the analyte buffer plug. Implementation of 
the analyte stacking is described along with the effects of the stacking on both the 
separation effiden^ and detection Gnsts. 

To employ a gated injection using the microchip laboratory system lOD, 

35 the analyte is stored in the top reservoir I2D and the buffer is stored in the left reservoir 
1 6D. The gated iiqeaion used for the analyte stacking is perfermed on an analyte havir% 
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anhMuettroigthtfattiBlmttmntlurt QftbeniniiivbuS^ BulKr b tiu^tocted by 
dectroosmoss from bufifer reservoir IfiDtowirds bo& the uulyte waste ami wiste 
reservon 18D, 2DD. TUs bofTer itmm pfwents the uulytB fiori bleeding into the 
Kpantion clw miri 34D. Widui a npreseniative embodunent. tbe :»iBtive potentiali at 
5 the bufo;ana]yte,ana)ytB waste and waste RttTMun are 

For 1 kV appfied to the nucrocfaip. the field strengths m the buBier, analyte, analyte 
waste, and separation channels duriiig the separation are 170. 130. 180, and 120 V/an. 
req)ectiv^. 

To inject the analyte onto the sqiaiatiai daumd 34D, the potential at the 
10 buffo resenmrlfiD is floated (opening oftbe Ugh vohageswHch) lor a bitf 

time (0.1 to 10 kX and analyte nugntes Into the separatimi channel. For 1 kV applied to 
the irocrochip, the fidd strengths in the bufBsr, sample, sample waste, and sqaration 
channels during the injection are 0, 240, 120. and 1 10 V/an, respectively. To break off 
the analyte plug, the potcnrial at the bufier reservoir 16D is rcappUed (closing of a hifji 
15 voltage switch). The volume of the analyte plug is a fiinetkm of the iigection time, 
dectric fidd strength, and dectrophorefie n>obi%. 

The sq>axatlon buffer and analyte compositions can be quite different, yet 
^ Ae gated iqecdons the interior of both the analyte and bulfcr sBcami can be 
alteraatdy m»ntained in the sqiaration cfaannd 34D to poferm the stadong opera&m. 
20 The analyte stacking depends on the relative conductivity of the sqiaratioh Isjfifcr to 
analyte. y. For example, with a 5 mM sqwration bufier and a 0.516 mM san^le (0.016 
mM dansyl-lysine and 0.5 mM sample buflferX T » equal to 9.7. Figure 14 shows two 
mjection profiles for didan?yl-^ne injected fijr 2 $ with y equal to 0.97 and 9.7. The 
iivecUon profile vinthy • 0.97 (the sepanfion and sample buffers are both 5 mM) shows 
25 nostaddng. The second profile wth y « 9.7>h6ws a nwdest enhanca^ 

idative peak hdghtt over the iigection with y - 0.97. DidansyWysme is an anion, and 
thus stacka at the rear boundary of the sample buffer plug. In addition to increasing the 
analyte concentration, the spatial ocient of the pUig is confined. Tbe injection profile 
with y - 9.7 has a width at half-hdght of 0.41 s. whUe the injection fnofilc with y - 0.97 
30 hasawidthathalf-haghtof I.Ms. The ekctrk: fidd strength in the separation channd 
34D during the iigection CmjeciioB fidd streqgth) is 95% of the dectric fidd strength to 
the separation dannd during the separation (separation fidd stienisth). These profiles 
are measuied while the separation fidd strangth u appfied. For an iijection time of 2 1, 
an fageetion plug width of 1.9 s is expected for y - 0.97. 
35 -nie concentration enhancement due to staddng was evaluated fiw several 

sample plug lengths and relative conducthnties of the separation buffer and analyte. The 
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erthancement due to stacking increases with increasing teiative corducti^nties^ y. In 
Table I, the erihancemem is luted for g from 0.97 to Although the enhancement is 
largest when 970, the separation efiktency suffers due to an decuoosmotic pressme 
or!|pnatiiv ^ ^ concentration boundary when the relative conductivity is too large. A 

5 compromise between the stacidng enhancenttnt and separation efBcieocy rtnist be 
readied and y * 10 has been found to be optinuL For separations performed usixsg 
stacked injections mth y « 97 and 970» didansyl-iysitte and dan^boleucine could not 
be resohred due to a loss in eflkiency. . Also, because the hijectiDn process on the 
microchip is computer controlled, and the cohimn is not ph>'«ca]ly trwAsportcd from irial 

10 to wl» the rq)n>dudbility of the stacked iigectkms b 2.1% rsd (perceit rdstive standard 
demtion) for peak area for 6 rq)licate analyses. For comparisor, the non-stackcd« 
gated injection has a 1.4% rsd for peak area for 6 replicaie amlysea, and the pinched 
injection has a 6.75% rsd for peak area for 6 replicate analyses. These correspond weU 
to reported values for large-scale, commerdal, automated capilhiry dectrophoresis 

IS instruments. However, iryecdons made on the nucrodup are « KK) times smaller in 
vohrnie, e.g. 1 00 pL on the microdnp versus 10 nL on a conunerqid insnument 

Table I : VariatioD of staddng cnhanconent with rdstive conducthrily, y. 

y Concentration Enhancement 

0.97 I 
9.7 6.5 
97 113 
970 13.8 

20 

BufliBr streams of difFerent coiuhictivities can be acoirately combined on 
microdups. Described herdn is a shnple stacking method, dtho jgb more daborate 
staddnig schemes can be employed by fibricating a microdsip wUh additional buITer 
reservoirs. In addition, the leading and trailing dectrolyte buflSoi can be sdected to 

25 enhance the sample stacking, and tdtimatdy^ to tower the detection fimits beyond that 
demonstrated here. It is also noted that much terger enhancemenu are expected for 
inorganic (demcntal) cations due to the combination of fidd amplilted analyte injection 
and better matching of analyte and buffer ion mobilitiei 

Regardless of whether sample stacking is used, the :mcrodup laboratory 

30 system lOD of Figure 12 can be employed to achieve dectrophorectic separation of an 
andyte composed of rhodamine B and sulforhodamine. Figure IS ax dectropherograms 
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at (a) 3J cm. (b) 9.9 on. wd (c) 16.5 cm firon the point of injeciion fiir Aodanime B 
(less letiined) ind mlfbrhodaniine (more ratiined). These woe triconBuiB the 
following eondittens: Injeciion typt wbs ptadied. E^ = SOOV/em. E« - 170 V/cn. 
hififer - SO mM sodhnnidtabonto it pH 9J. To obtoin etectrophwogrtms m the 
S eoiiveationaliMnner,sbiglepoim detection iwt^ 

used at different locations down the «is of the scpantu^ 

An Impoitart nuasure of the utility of a iqatation ^5tem is the nuiBber 

of plates generated per unit time, as aiven by the fennuk 
10 Nft-MHt) 

where N is the nunAcr of theoretical plates, t is the separation time, L is the lenglh of the 
separation column, and H is the height equhralent to a theoretical plate. The ptate 

height, H. can be written u 
j5 H-A+B/u 

where A is the sum of the contAotions fiwm the ntiectimj 

path length, B is equal to 2Di« where Du is the difBision cocCSdent ft^ 

buBer, and u Is the Dnear vdod^ of the analyte. 
20 Coibblning the two equations above and substituting u - ^E where \t. is 

the effective dcctrophoretic mobility of the analyte and E U the dectiic field strength, 
the plates per unit time can be expressed as a flinction of the dectric ficid swngtfc 



N/t-OiEy/CAnE + B) 
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At low dectric fidd strengths when axial diffiision is the dominant fonn 
of band dispersion, the term AjjE is smdl le'ative to B and consequ«mUy, the number of 
plats per second increases vrith the square of the dectric fidd strength. 

As the dectiic fidd strength increases, the plate l-dght approaches a 
constant vdue. and the plates per unit time increases linearly with the dectric fidd 
strength because B is smaUrdstxve to AiiE. It b thus advantageous to have A as smdl 

as possible, a benefit of the pindied injection scheme. 

The effidency of the dectrophorectic separation of ihodaraine B and 
at ten evenly spaced posidons was monitored, eadi constituting a 
3S separate eoetimcnt At 16.5 on from the point of iisection. the effidendes of 
rimdamine B and sulfortiodamine are 38.100 and 29,000 olates, respectwdy. 
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Effidendo of this magnitude are lufficient far nuoy separation appficaiions. The 
linearity of the date provide* inft»nnationrfK»ut the unifc^ quality of the channel 
aloi« its knglh. If a defect m the channel. a hrgepit. iwa preaeot. a a^ 
in the efficiency would result; howcw, none w jfctecte^ The efficiency data are 

5 ptoitedinFiEurel6(condiik)nsforrigurel6M«cthcaameasfor Figure 15). 

A wmlar separation experiment was performed usii^ tiie nuciochip 
analyte mjector lOB of Figure 6. Because of the straight sepandion channel 34B, the 
analyte injector lOB enaWes &ster separations than are possible using the serpentine 
separation channel 34D of the ahemate analyte injector lOD shown in Figure 12. In 

10 addition, the electric fidd strengths used were higher (470 V/cm ami 100 V/cm ibr the 
buffer and separation damid* 26B. 34B, respectwdyX whidi fonher increased the 
spOBi of the separations. 

One particular advantage to the planar microdap laboratory system lOB 
of the present invention U that with laser induced fluorescence the poiit of detection can 

15 be placed anywhere dong the separation eotomn. The dectrophcrogruns are detected at 
separation lengtiis of 0.9 mm, 1.6 mm and ll.l mm fiom the injection intersection 403. 
The 1.6 mm and 11.1 mm separation lengths were used over a nnjc of dectric fidd 
strengths from 0.06 to 1.5 kV/em. and the sepsiations had basdine resohrtion over this 
nnge. At an dedric fidd strength of 1.5 IcV/cm. the andytes, rhodamine B and 

20 fluorwcdn, are resolved in less ti>an 150 ms for the 0.9 mm separartcn length, as shown 
in Figure 17(a). in less tiian 260 ms for tiie 1 .6 mm separation length, as shown in Rgure 
17(b). and in I«s tiuui 1.6 seconds for ti« 11. 1 mm separation length, as shown in Figure 

Due to tiie trapczoidd geometry of the channds, the upper cornen make 
25 it difficuh 10 cut the sampte plug away predsdy when the potentids are switdiedfi-o^ 

the sample loading mode to the separation mode. Thus, tlie injection plug has a dighi 
tdl assodaled with it. and this efExl probd>ly accounts for the tdl ng obser^ 

separated peaks. 

In Figure 18. tiie number of plates per second for the 1.6 mm and 
30 il.lmmseparationUagthsareplottedvci^u5ihedectricf.ddstrw8th. Themimbero 
plates per second quiddy becomes a linear fimction of the dectric fidd strength, because 
the plate height approadics a constant vdue. The symbols in Figixe 18 represent the 
operimentd data collected for the two andytes at tiie 1.6 mm and 1 1.1 mm separation 
lengths. The Bncs are calculated using U»c previously-stated equation and U»e 
35 coeffidents are expcrimentdly determined. A slight deviation is seen between the 
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Kpnteleniih. Ttoii|>>inia**«»«l«''*^""- 

8„o«««mos»«««»f'k"*'*«- A»dhm.»«l«««buto(10 nM.pH 

^ ^ 16D » to «*« n=»voi, ..D. |hc »o,. of 

^ ^ p»« *n«.«h U« nj^lon 4 m. ^'^"f^'T 

,5 toX^^'*'-'"'""*"^-'^''""'"^'^" 
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the buffer teservoir 12D. This method of loading and injecting tl-e sample is lime- 
faidqmident. noti-Uased and rqirodticible. 

In Figure 19, a dvomatogyam of the coumarins is shown tar a Gacar 
velod^ of 0.6S rnm/s. For C440, 1 1700 {dates was observed wUcb concaponds to 120 

S plates/s. The most retained component, C460, has an efHdency tieariy an order of 
magnitude lower than for C440» which was 1290 plates. The unduladng background in 
the chroroatograms is due to background fluorescence firom the glass substrate and 
shows the power instaUii^ of the laser. Thi)^ however, did not harrier the quality of 
the separations or detection. These resoks compare quite well with conventional 

10 laboratory High Performance LC QiPLC) tedunques in terms of itixt numbers and 
exceed WUC in speed by a fictor often. EfBdency b decteasing wth retendon Aster 
than would be predicted by theory. This effect may be due to <iveHoading of the 
monolayer stationaiy or kinetic effects due to the Mgh speed of the se nrstion: 

IS fficftnarElectm k'ineric CanlHarv Chfomatoganhv 

In the dectrochromatogrsphy experiments discussed above with respect 
to Figure 19, sam]de components were separated by their partitioninjj interaction with a 
stationary phase coated on the channel walls. Another method of separating neutral 
analytea is micellar dectrokinetic cq^iUary chromatograpliy (MECC). MECC is an 

20 operational mode of dcctrophoresis in i^Mch a sur&ctant such as sodhim dodecylsuliate 
(SDS) is added to the buffer in sufficient concentration to form micelles in the buffer. In 
a typical experimental airangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The parthioning of sohises between 
the micelles and the surroumfing buffer sohition provides a separation mechanism dmilar 

25 to that of fiquid chromatography. 

The microchip hboratmy lOD of Figure 12 was used to perfbirn on an 
analyte composed of neutral dyes coumaxin 440 (C440), couraarin 450 (C450X and 
coumarin 460 (C460, Exciton Chemical Co., Inc.). Individual stock sohidons of each 
dye were prepared in methanol, then diluted into the analysis buff:r before use. The 

30 concentration of each dye vras approximately 50^ unless mdicaicd otherwise. The 
MECC huflkr was composed of 10 mM sodHmi borate (pH 9.1X SO mM SDS, and lOK 
(v/v) methanol. The methanol aUs in sohibifiadng the coumarin in the aqueous 
buffer ^em and also affects the partitioiung of some of the dyes inio the micelles. Due 
care must be used in woildng with coumarin dyes as the chemical, physical, and 
35 uwcotopcal properties of these dyes have not been folly mvesugatcd. 
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The ouciochip laboratory iy»to« ««« operated in the "piBchcd 
BUecfioD-niodedeictibedpieviooily. The voltage, ipitfed to the re*ryoii» a« set to 
tiamkam«ota«'^'''^'<''f'^'^ In the loadins mode. » frontd 
dtfopiiogram of the jolution in the inajyte reK^ 
5 through the imersectionaadimo the «ialytev«tefe>en«)irl8D. Voltages applied to 
the bu&r end waste resenwirs also cause weak Bows into the int snection ftom the 
ides, and then irto the analyte waste reservoir 18D. The chip it^ 
the dowest moving ooinpooent of the -udyte hu passed through th« in^^ 
At this point, the analyle pUig in the mteiKction ii repwentatw^ 

10 with no etectfoki n etic Was. „ ^ a. u 

An iigection is made by switching the chip to the "nm mode which 
changes the voltages applied to the reservoirs «(* that buflfcr now flc«v^ 
reservoir 12D through the intersection 40D bto the separation channel 34D toward the 
waste res«voir20D. The plug of analyte that was in the mter»BCtioii40D is swept into 

15 ti« separation channel 34D. Propoitionately tower voluge. are apjrfied to the ana^ 
««| anaMe waste reservoirs 16D. 18D to cause a weak flow of hiii* from the bo^ 
reservoir 12D into these channels. These flows ensure that the sariple plug « deanly 
-broten oT fom the aaalyte streanu and that «) excess anaiyte 1^ ^ 

channd during the analyds. 

20 The results of theMECC analysis of a mixture of C4«0. C450. and C460 

aie shown hi Figure 20. The peaks were identified by indhndual aiwlyscs of each dye. 
The migration time stability of the first peak, C440. with ehai^ng methanol 
co«*ntration was a strong itidicator that this dye did not partit^^^ 
sigmfcantecle.lL Therefore tt was considered «. elect«»osmoUc flow marker v^^ 

25 migr-tontimetO. TheU«tpeak.C460.w.sas»u«edtobcv^^^ 

,rigmtion time. t«. Using these values of to Kul tm ftom the deu « figure 20 the 
caLated dudon r»«e. tO/tm, is 0.43. TO, agrees wdl with a Btc^ure value of tOAm 
= 04 for a simUar buffer system, and supports our assumption. These resultt compare 
well with comrenliond MECX: performed in capillaries and ato 
30 cnrerthedectrochromatogntphyexperimemdescnlieddxr^m 
vrith retention ratio. Ftothor advantages of this appio«A t^ 
that no surftee modification of the walls is necessary ami that th* stationuy phase « 
eontinoously refreshed during experiments. 
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In9TffF"g^°" Analvas 

Anodwr laboratofy maly^ that can be perfomied on either the 
Uboratoiy aystem lOB of FtgmeS or the labonitoiy system lOO of Figure 12 is 
inorganic ion analysis. ViSx\g the laborstory system lOB of Figure 6, inorganic ion 
5 analyds was performed on metal ions eootplGxed with 849droxyi)uinoIine-S-su1fooic 
add CHQS) whidi are separated by dectrophoiess and detected with UV buer induced 
fluorescence. HQS has been widdy used as a I^nd for optical determinations of metal 
ions. The optical properties and the sohibiKty of HQS in aqueous media have reoentty 
been used for detection of metal ions sqiarated by ton chromatooraphy and capillary 

10 dectrophoress. Because unconylexed HQS does not fluoresce, exi:ess Ifgand is added 
to the buffer to mamtain Ae oomplexation equiEbria during the squration without 
contributing a large background sgnal. This benefits both tht: eOSdency of the 
separation and detectability of the sample. The compouiKls used for the experiments are 
zinc sulfate, cadmhim lutraie, and ahmunum rotrate. The huffier is sodhim phosphate (60 

IS mNt pH 6.9) with 8- tydroxyquinoRne-S-sulfonic acid (20 mM for all experiments 
excqit Figure S; Sigma Chenucal Co.). At least SO niM soifium pho^hate buffer ii 
neededtodiss6h«upto20mMHQS. The substrate 49B used was fused quartz, whidi 
provides greater visibility than gbss substrates. 

The floating or pinched ana^e loading, as descril)ed previously with 

20 respect to Figure 6. is used to transport the analyte to the injectiim mtersection 40B. 
With the floating sample loading, the irijected plug has no dectrophoretic trias, but the 
vohmie of sample is a function of the sample loading tnne Because the sample k>adir^ 
time is inversdy proportional to the Add strength used, for high injection fidd strengths 
a diorteritgection time is itsed than for low injection fiddstreqgtk For example, for an 

2S injection fidd strength of 630 Vlcm CFigure 3a), the ngectidn time u 12 s; and for an 
irijection fidd strength of 520 V/cm (Figure 3b)» the injection time is 14.5 s. Both the 
pinched and floating sample loading can be used with and without suppression of the 
dectroosmotic flow. 

Figures 21(a) and 21(b) show the separation rf three metd ions 

30 compiexed with S-hydroxyquinoGne*5*sulfotnc acid. All throe complexes have a net 
native charge. Widi the dectroosmotic flow mininttzed by the covalent bowfii^g of 
polyacrylamide to the channd walls, n^ive potentials rdativc to ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b), the separation channd field strength is 870 and 720 V/cm. respecth^y, and the 

35 separation length is 16.5 mm. The volume of the injection plug is 120 pL ^cb 
corresponds to 16, 7, and 19 fmol injected for Zn, Cd» and Al, rcspecthfdy, for Figure 
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4.. iBFigure 4b. 0.48, 0.23. and 0.59 finol of Zn. Cd. and Al. icspccavdy. a« injected 
o«o the separation column. TheavmecttprodudbiatyoftheanKm:.«jectod« 1.6% 
™l (penxnt relative «and.rf deviation) aa «e.suied by peak i^as (6 «pBaje 
analysci). The atAilhy of the laser used to ewiie the comptoces is « 1% nd. The 

5 dat«timilimitsait»a»an8*«*e««^«'»^ 

Mhenjate microchip hOwritorys/stemlOE is shown ui Figure 22. THe 
6vei««t pattern of channeU U disposed on a substrate 49E ««I with . cow 
10 as in Ae previously-described ortKHftnents. The microchip tabo.«onr WE 
embodiment was ftbticated using .tand«d photolithographic, wet chanical etchmg. and 
bonding tcchnicpies. A photomadc was fiWcted by .puttying '^^'^ f ^l'''^^ 
dass slide and ablating the channel design into the chrome film v* a CAD/CAM laser 
Nation system CRcsonetics. Inc.). Tl« channel design was then i.-ansferred omo the 
15 «*str.tes using a positive photoresist Tlte channel, were etched in- o the 

dilute HfTNh^ bath. To form the sepantion channd 34E, a coverf late was bonded to 
the substnte over the etdwdchamiels using a direct bonding techniciue. Thesurto 
were hydrolyzed m dihite WfiSmi soUmon, rinsed in ddonized. filtered R. jomed 
«Ml then amualcd at 500-C. C^ricrf glass lewvoirs were afB».ed on the substi^e 
20 using RTV silicone (made by Gene«I Electric). Platinum electrode* provided elecm«l 
contact from the voltage cont«)Uer 46E (Spdlman CZEIOOOR) to the solutions m the 

rcscivotn> . m 

The channel 26E ia in one embodiment 2.7 mm in length from the lint 

reservoir 12E to the mtcrsection 40E. whPe the charnid 30E is 10 mm. ami the third 
25 channd 32Eis6.7mm. The»epantfiond«««d34Eis«r«Kfiedwbeonly7,0in^^^ 
wih. due to the addhion of a reagem reservoir 22E which has a reagem cha^ 
^com»cUtothesepar-ioncha«nd34Eat.mi«n6tec44E Thus, the length of ^ 
««rBtion d«md 34E is measured from the mtersection 40E to the mbong^^^ 
iTchamKl 56 trending from the mixing tee 44E to the waste reservoir 2^^ 
30 „«tJon column or channd. and in the ilhastrated embodiment th^ 
length. The length Of the reagent chamid 36E is 1 1.6 mm. 

In » rcpitsemative example, the Figure 22 embodiment was used to 
separate an analyte «,d the separation was monitored on-microdup via Ouorescajcc 
uig an argon ion hser P5U mn. 50mW. Coherent Innova ^^J^^^^^ J^ 
35 fiuoLcence rignal was collected with a photomultipRer tube (Pf^. Ond 77340) for 
poim detection and a duirge coupled device (CCD. Princeton Instruments. Inc. 
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TE/CCD-512Tia^ for imaging a region of the 

testing the apparatus were Aodamine B (Exciton Chemical Co, lac) ajpnine. glycine 
threorine and o-phthaldiaMehyde (Sigma Chemical Co.). A aodhim tetniionte bofier 
(20 niM. pH wift 2H W iMthaaol and 0J% W Ma»P««»^ 
5 buffer in all tests. The ooncenttations of the anmo adi OTA and ffaodaimne B 
Kdutiolu were 2niM, 3.7iiiM, and SOmM. lespectwdy. Several nii conditions were 
utilized. 

The sdiemaric view in Figure 23 demonstrates one eca tiple when 1 kV is 
applied to the entire syston. With this vohage configuration, the dearie field strengths 
10 in the separation channel 34E (E^i,) and the leacfion chaunel 36E (E«.) are 200 and 425 
V/cm, respectively. This allows the combining of I part separation eSbm with 1.125 
paru reagent at the mfadng tee 44E. An analyte mtroduction system i jeih as this, with or 
without posl-cdumn reaction, allows a very rapid cyde time for muhiple analyses. 

The dectropherognuns; (A) and (B) in Figure 2' demonstrate the 
15 separation of two pairs of amino adds. The voltage configuratior is the same as in 
Figure 23. except the total applied vohage is 4 kV which corresponds to an electric fidd 
strength of 800 V/cm in the separation eolnnn QE^) and 1.700 V/cm. hi the reaction 
column (E«0 The injectiOB thnes were 100 ms for the tests wliidi coitespond to 
est'unated injection phig lengths of 384. 245, and 225 iim for arghnne. glycine and 
20 threotune, respectivdy. The injeoion volumes of 102. 65, and 60 pL correspond to 200. 
130. and 120 finol mjected for arpnme, glycine uid threonine, respectivdy. The point of 
detection is 6.5 mm downstream from the mixing tee which gives a total cohimn length 
of 13.5 iwn for tiie separadon and reaction. 

The reaction rates of the amino adds with the OPA are moderately 6$t, 
25 but not fiist enough on the time scale of these experiments. An increase in the band 
distortion is lAsenred because the BMbilities of the derivatized com.TOund8 « 
fiom the pure ammo acids. UntU the reaction is compUac. the zones of unreactcd and 
reacted amino add wiB nwve at difierent vdodties causing a broadeni^^ 
zone As evidenced in Figure 24. glydne has the greatest discrepanjy in dectrophoreiie 
30 mobilities between the derivatired and un^erivadzed amino add. To ensure that the 
excessive band broadening was not a function of the retatfon time, threonine was also 
tested. Threonine has a slightly longer retention time than the glydne; however the 
broadcwngisnoiasextenBveasfcrgbfdne. 

To test the effidency of the nncrochip in both the separation cohimn and 
35 the reaction cotamn. a fluorescent bser dye. rhodamine B. wjs used as « probe. 
EfBdency measurements calcuUtted finm peak widths at half hdght were made usmg the 
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pointd«ta6tiontdhccncDldistaiiGesof6iiimAAd8iiimto or 1 tma 

upstream and I mm dcnMUSlream from (be imadiig tee. This provided tnfonnalicm on the 
eflhcU of the mbdng of the two streams. 

The electric field strengths in the reagent oohmin and the separation 

S column were approximately equal, and the fidd strength in the reaction cohmm was 
twice ihat of the separaiioA cokmm. TUs configuration of the applied vohages aflowed 
an approximately 1:1 vobmse catio of derivatiaqg reagent and dSuent firom the 
sepamtion cohmm. As the fidd strengths increased, the degree of turbulence at the 
among tee increased. At die sqiaration distance of 6 mm (Imn upstream finom the 

10 miadng tee), the plate hdght as expected as the mverae of the linear velocity of the 
analyte. At the scparadon distance of S nun (1 mm upstream from the nuxing tee), the 
plale height data decreased as expected as the inverse of the velocity of the analyze. At 
the separation distance of 8 mm (1 mm downstream fi^om the mixing teeX the ptate 
height data decreases firom 140 V/cm to 280 V/cm to 1400 VAmi- Tlus behavior is 

15 abnormal and demonstrates a band broademng phenomena when iwo streams of equal 
vohmies converge. Thegeometiyofthemisdngteewasmncvtin'izBdtoimni^ 
band distortion. Above s^aration fidd strength of 840 Won, the system stabilizes and 
again the plate hdght decreases with bcrcaang Bncar velocity. For - 1400 V/cm, 
the ratio of the plate hdghts at the 8 mm and 6 mm separation lengths is 1.22 whidi is 

20 not an unacceptable loss in ef&dency for the separation. 

The intensi^ of the fiuorescence signd generated firom the reaction of 
OPA with an andno add was tested by continuously puropii\i glycine down the 
sepamtion diannd to mix whh the OPA at the imxiiis tee. The fluorescence dgnd ftom 
the OPA/amino add reaction was coDected using a CCD as the product moved 

25 downstream fiom the niwng tee. AgaiMhe rdative volume rfctio of the OPA and 
glydne atreams was 1.125. OPA has a typical half-time of reaction with anriito adds of 
4 a. The average residence times of an analyte mcdecule m tfie windtm of observation are 
4.68. 2.34, 1.17. and 0.58 s for the dectric fidd strengths in the n-action cohimn (£,») 
of 240, 480, 960, and 1920 V/cm, re^ectivdy. The rdati^e intenshies of the 

30 fluorescence correspond quaHtatWdy to this 4 s half-tinie of re:iction. Aa the fidd 
strength increases m the reaction diannd, the dope and tnammum of th^ 
fluorescence shifts fiirther downstream because the glycine and OPA are swept awiy 
from the mbdng tee filler with higher fidd strengths. Ideally, the observed fluorescence 
fiom the product would have a step fiinction of a response following Uie mixing of the 
35 separation effluent and dcrivafidng reagent. However, the kinetics of the reaction and a 
finite rate of mhdng donunated by diffiiaon prevent tiiis from occuning. 
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^ Thcsq«nrtio„ using the port-^panubn channel leaetor onplcyed . 
8««i mecfaon « onto to keep the «,«lyte. buffer «d ,«gcnt 
^^^o^^rc^u^r^,, Forthepon^LcCr;!:^ 

5 *«**c ^ continuously pumped 1^ 

inieet»m n>te»ect»n 4QE towwi ihe «.lyte i««te «ervoir 18E. Buf^ w« 
amuhancouriy punved film, the bulfe rcsemn^ 

^ reservoirs "E. 20E to deflect the «ud,te p„,ent the «»ly.e fiom 

mignrttr^g down the separation duumeL To inject . «wdl dK.™« of anslyte, the 
10 PotetmaU at the bufia and anatyte waste rcson^i„16E.I8E are simply fl^^ 
short penod of time (-100 ms) to aflow the analyte to migrate down the sepanOion 
d«nnd a. an «»Iyte injection plug. To break olfthe injectton phig. the potentials at the 
buffer and analyte waste rescrvoizs I6E, 18E are reapplied. 

The use of micromachined post-column reactors can hnprove the power 
of post-scpamion chamid reactions as an analytical tool by mini,riaii« the vohmie of 
the extra-charaiel phmibing. espedafly between the sopantion and reagent ehamiels 34E. 
36E. Ihis microchip design CFi8urc22) was fibricated with modest lengths for the 
separation channel 34E (7 mm) and reagent channel 36E {10.8 mm) which wcr« more 
than suffident for this demonstntion. Longer separation chamiels can be mamj&cturcd 

on a similar aire micro(% using a serpentine path to peiferm more difficult s^ 
as discussed above witii respect to Figure 12. To decrease post^g tee band 

distortions, the ratio of the dannd dimensions between ti»e separation dumnel 34E and 
reaction channel 56 should be minimized so tiial the dectric Bdd strei«th in the 
separation dumnd 34E is huge. i.e.. narrow duuuid. and in tiie reaction dumnd 56 is 
25 small, /.e., wide channd. 

For capinaiy separation systems, the smaO detection xtilumes can limit the 
mm*er of detection sdicmes tint can be used to attract information. Fluorescence 
detection remains one of dw most sensitive detection tedinii]ues for capillary 
dcctrophoresis. When incorporating fiuorescemx detection h»o a S}Stera tiiat docs not 

30 have naturally fluorcsdng analytes. derivatization of the analyte must occur ehher pre- or 
post-scparation. When tiie fluorescent 'tag" is short Dved or U« sepaiation is hindered 
by pre.separation derivatization, post-column addition of derivatizins reagent becomes 
the method of choice. A variety of post-separation reactors have bee:i demonstrated for 
capiflary electrophoresis. However, die abiTity to construct a post- separation reactor 

35 with ettnmwbrUwvohime connections to nrinimize band di«^ 

The present im«ntion takes the apptoadi of ftbricating a mic-odiip device for 
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dcCOTphoretic apamtions an imagnCcd post-Kp^tion rctctioi. channei 56 « a 
single numoBUuc device enriding 
channel functions. 




Instead of the post-separation tiuumd reactor design alijwn in Rgure 22. 
the nuciochip Uboratoor .ystem lOF in Bg«n:25 includes . prwcpanUion 

channd reactor. The p«-«q)ar.tion channel itaaor design shown »F«i« 25 
to that shown in Figure I, except thrt the fint ««1 second donnds 2fiF. 28F foin. a 
10 -goal-post" design with the reaction chamber 42F rather than the design of 
ngJl. The reaction dumber 42F was designed to be wider th«. the sep«t.on 

dLa34F to give lower dectric field strengths in the rea^^ 

«idence limes for the reagents. The reunion chamber .» 96 wide at half-^pth and 

6.2 deep. «m! the «spa«tiott duumel 34F is 31 m wide at half-depth «Hi 6.2 h« 

" ^ The nicrodupld>ontOfy system lOF was used to pcrfhrmon-Dne pn>- 

«:p«tion damiel reaction, coupled with dectrophoretic •»^*/*' 
P,U«U Here, the reactor is operated contimiously with sman alKiuots mtn^ 

^eriodicdiy into the separation d.an.«1 34F using the gated *»P«-^--^^ 
20 wiOirespiitoFup«»3.TheopcrationcfthemicnK«pcor«slsofth«^ 

derhZtion of amino adds with o-phthddialdehyde (OPA), iryccon of the «m.ple 
ento the separation column, and the separation/ detection of the '^'^^J^J^ 
factor emuent The compounds used for the experimems ^ 
Xle(0.58na^.ndOPA(S.l«M;SigmaCtenicalCa). -^^^^l""^^ 
25 Biswas 20 mMsodhm* tetraborate with 2% W methanol «^ 
;^Lha«ol.2.mercaptocd»«di.«ldedtotheb»fferas^ 

'^"t'^lement the reaction the reservoirs 

wera «mult««ously given controlled voltage, of .5 HV. .5 HV, HV. .2 HV. ««i grojmd. 

Zr?2P^V,cmforl.0.V.ppr«dtotl«»toochip).r.l«^ 

^on dlu. 3^ (300 V/cm for 1.0 IcV appBed » "-«*«P>J'^ 
ZLnt blee^ of the product into the sep«.tion d-nnd wi.en u^ 
W^«a«me. ThevolbgedhnderusedtoestabKAtte 
,5 Sell^aiouliesistanceofi™^ 

rt^^rascrvoir 12F ««« the raagent from the second resent. 14F are 
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dectroosinoticaOy pun^ into the mcuon dumber 42F vrith « -volumetric ratio of 
1:1.06. Therefiire, the sohitioas firm the analyte and reafienc rcsavon I2F» 14F are 
dilutf^^ by a fhctor of » 2. Bufier was mnihaneously punr^ed by eiectxoosmosis fiom 
the buffer reservcrir 16F toward the analyte waste and waste reservoirs 18F, 20F. TUs 
S buffer stieam prevents the newiy &n&ed product from bleeding into tbe separation 
charaid 34F. 

Preferably, a gated tqection scheme, described above mth reqpect to 
Figure 3, is used to inject eSkient from the reaction channber 42F into the aquuttion 
channd34F. Tbe potential at the bufo resen^ir 16F u sinvly floated for a brief p^ 

10 of time (0.1 to 1.0 s), and sample migrates into the separation cfaanne! 34F. To break off 
the injection phigi the potential at the buffer reservoir 16F is rcappfied. The length of 
the injecdon plug is a function of both the time of the injection and the electric field 
strength. With this configuration of applied potentials, the reaction of the amino acids 
with the OPA continuously generates fresh product to be analyzed. 

IS A sigmficant shortcoming of many capSlary dectrop'vifesis experiments 

has been the poor reproducibility of the injections. Here, becauscihe nrucroditp iqoction 
process is computer controlled, and d)e injection process involves the opening of a ^ngle 
high voltage switch, the injccuons can be accurately timed events, l^igure 26 shows the 
reproducibility of the amount injected (percent relative standard devlition, % rsd, for tbe 

20 integrated areas of the peaks) for both arpnine and glydne at injection field strengths of 
0.6 and 1.2 kV/cm and injection dmes ran^ng from 0.1 lo 1.0 s. For injeaion times 
greater than 0 J s. the percent relative standard deviation b below 1.8K. This is 
comparable to reported values fi>r commeroal. automated capiPary dcctrophoreas 
instruments. However, injections made on the microchip are « 100 times smaller in 

25 vohune. e.g. 100 pL on the microchip versus 10 nL on a commercial instrument Part of 
tlus fluctuation is due to tbe stability of the laser which is 0.6 %. ]*or injection times > 
0.3 s. the error appears to be independent of the compound injected and the injection 
fidd strength. 

Figure 27 shows tbe overiay of three electropho 'etic sqiarations of 
30 arguune and glydne after on-microciup pre<olumn derivatization with OPA with a 
sqiaration field strength of 1.8 kV/cm and a separation length of 10 mm. Tbe s^aration 
field strength is the electric field strength in the separation chaimd 34P during ttie 
separation. The field strength in the reaction chamber 42F is ISO V/cm. The reaction 
times for the analytes is inversely related to tbdr mobilities, eg., for arg^une the reaction 
35 time is 4. 1 s and for glydne the reaction time is 8.9 s. The volumes of the iigected plugs 
were 150 and 71 pL for arginine and glycine, respectivdy, which corre^^Kmd to 35 and 
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follcww a serpeminc path. The sequence for plasnud pBR322 wc the rec«HjniUon 
wquenceoftheeayineHinflareknown. After digestion, detcnninatmn of the 
fe«mcnt distribution u perfonned by lepanting the digestion piwhicis using 
dectiophoresis in t sieving medh-n in the ^paration damnel J4G. For these 
5 experiments, hydfoxyelhylcejhilose is used •« the aievu^ At • fi«d point 

downstream in the separation chamid 34G. migrating fragmenu are interrogated usmg 
on<hip laser induced fluorescence with an intercalating dye, thiazole orange duncr 
(TOTO-l),a5thefluorophore. 

The reaction chamber 420 and separation channel 340 shown in Figure 
10 29 are land 67 mm long, respectively, having a width at half-depth of 60 pm and a 
depth of 12 pm. In addition, the chamiel waDs are coaled with polyaaytamide to 
nuaimiaelcctroosmotjc flow and adsorption. Bectropherograms ane generated using 
singlepointdetectionlaserinducedfluoresceocedetection. An argon ion haer (10 mW) 
is ibcused tot spot omo the chip using, lens (100 mm focal length) The fluorescence 
15 signal is collected using a 21x objective lens (N.A = 0.42). followed by spatial filtenng 
(0 6 mm diameter pinhole) and spectral filtering (560 mn bandpass. 40 mn bandwidth), 
and measured using a photomuUiplicr bibe (PMT). The data acquisition and voltage 
switching H'pa^tus are computer comroDed. The reaction baffcrb 10 nWTris-acetate. 
10 mMmagneshim acetate, and 50 BiM potassium acetate. The reaoion buffer opUced 
20 fa the DNA, enzyme and waste Ifeservoirs 120. 140. 180 shown in Figure 29. The 
separation buflfer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v) bydroxycthyl 
cellulose. The separation buffer is placed in the buficr and waste 2. «ervoir»l6F.20F. 

concentrations of the plasmid pBR322 zni enzyme Hinf 1 are 125 ng/pl and 4 
units/pi. respectively. Tlie digestions and separations are parfiwrned at room 

25 temperature (20*C). 

TheDNA and enzyme are declrophoretically loaded into the reaction 

chaiiAer 420 from thdr napectwe reservoirs 120. 140 by apptication of pr^^ 
dectricai potentials. The relative potentials at the DMA (120). enzyme (14G), buffer 
(160) waste 1(180). and waste 2 (20G) reservoirs arc 10%. 10% 0. 30%. and 100%. 

30 respe«iively Due to the electiophoretic mobifity differences between the DNA and 
enryme. the loading period is made sufficiently long to reach eqoi'jbrium. Also, due to 
the sman volume of the reaction chamber 420. 0.7 nL. rapid difiii-sional m»ing occurs. 
The dectroosmotic flow is minimized by the covalent hrnnobHiiation of hnear 
polyaciylamide. thus only anions migrate firom the DNA uid enzyme rcservoiis 12G. 

35 140 into the reaction chamber 420 with the potential distributions useA 

bufibr which connuns cations, requited f<>r the enzymatic digestions, e.^ Mgi". is also 
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placed in the w«e 1 mcrvoir 18G. Ttts enables the caiion, to propj««e Brto fte 
Miction d«n*er countercunent to the DNA «d enzyme durii« the of the 

reaction chamber, m 4ig«tipn » pofiwned atatkdly itnwvin^ 
potendata after loafing the «««aipn d»nto 
5 ofibcDNAthion^thertactlondwriw. . i-t„ th* 

FoDowiQg the digestion period, the products ait nugrated mto the 
«™tioncha«.d34Ffcranal^^ 

^arvoifs 16F. 18F. TT« injection has a n,obinty bi«i >«he.x the smaller ti^^ 
h.-ectedinftvorofthela.Eerfr.gment. ^^'^'^^'^^'^ 

' C-o^-^lT^pa^lengthscorrespond.^ 

ch^ voh.n«. r^pecti^y. m entire contents of the rea^^ 

be analyzed under emrent sepanttion condhions because the eontribu:K» of the mject-on 

phiglengthlothepbaeheiBhtwouldbeoverwhetaiing. ^ , 

Fonowing digestion and hijection onto the separation cfaannd 34F, the 
fiagments are resolved «5ng 1.0% (Wv) hydn»cyethyl ceBulose as the sieving me&jm^ 
rlreSO Aa^ an dectropheiogram of the mtriction ftagm««s of the ptasmd 
Z222aao^*2tm^ff^^^-^V«^^- To enable effiaent on- 
colunn, ««ning of the double^tranded DNA after di6«^^ 

20 thei«ercalatingdy^T<m)-l(l|A«.isplaced«thevra«e2.«cnw 

iTgl^rLtl^LttotheDNy. Asexp^ 

inotaaes with increasing fragment »ze because nu,ie intercalation she, ex«t m the larger 
ftagments. The unresolved 220021 and 507/5 11 -bp firaBn«nts ha^^«ghigh«-^ 
thTadjacentsim^efragmempeaksduetothebandoverl^. "^'^P^;^?^ 
25 nugradon time. ««ih.jecGonvolun« are 0.55 and 3.1 Hrda^ 
f%rtd^ reaoectiveay. (or 5 replicate analyses. 

plasmid DNA restriction fii«mcnt analyris indicates the posdWliiv of «itom«ing «.d 
Laturi»Bgmort«,phisticatedbiochenu^ '^^'J^'^T 
30 *e««t Bleated integrated microchip chenm^ 

date. The device mixes a leagem with an analyte. incubates the «uJyu^ 

the products. «td ««ly«s the products entirely under computer eon^lwhde 
!^Ig 10.000 times less materi- than the typical smaH v6hm.e labor^ory 

procedure. ^ ^ be used to mix different fluids 

c«nt«ned in dilferent porU or reservoir,. Tlus could be used for a Uquid 
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^.K,.,,,,,,^^ «ai.tion «perancnt foflowed by post-coUunn Ubc'H icacUow in 
cta««l ««« Olher mg««. or ^lutions c« be «,c^ 

chinnels. 

«M«U1W be »«ed to « liq>i<l cta<»i«<>grs*y 

To =««. !«• !««». » i» » 

of (.100 *o» 12 »J 40 «»«dy 

^rf««on«*t»b.tn»rt««IS<»»»*»™^»"«^- ror«-pk 

"""""^Tlie nWnS of " proportiot cm b« dooe 

nrZ«h Mcdsu.be blow to teenri«tlKlh>«ve^ I« 
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a given reservoir. The field strength can be cdculatcd firom the appfie^ 
chenictftritfcy of the diamieL In eddhion. the resistance or conductance of the fluid in 
the cfaanndf must also be known. 

The re9istartt:e of a channd is pvm by equitior 2 where K !$ the 
S rrriimnirt. k is the reststhdty. L is the Icnigth of the channel, and A is the cross-sectional 
area. 



10 Fhitds are usuaDy characterized by conductance wluch is just the 

ttdprocal of the resistance as shown in equation 3. In equation T^. K is the electrical 
conductance, p is the conducthnty. A is the cross-sectional area, and L is the length as 
above. 

15 P) 



Vfong ohms law and equations 2 and 3 we can write die fidd strength in a 
^ven channel, i, in terms of the vohage drop across that channel divided by its length 
wUch is equal to the current. It through channel i times the resstivity of that channd 
divided by the crosa-secdonal area as shown in equatbn4. 



Thus, if the diannd is both dhnensionally and elearicalbr characterized, 
the voltage drop across the channel or the current through the chanad can be used to 
detenmne the sohrent velodty or flow rate through that chanr.el as.: expressed in 
2S equation 5. It is also noted that fluid flow depends on the zeu potential of the surface 
and thus on the chcnucal make-ups of the fluid and surface. 



ViCcIi«Flow 
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Obvious^ the conductivity, x, or the resistivity, p, will d^cxid upon the 
duuwieristics of die solution ivhichccniUv^ In many CE 

applicationi the dutf a c t eristics of the buBer mfll donuMte the dcctrical dtt re ctcrisrics of 
the fluid, and tinis the conductance will be constanl. In the case of Gqind 

5 chromatography vAiere solvent progranuning is perfbnncd, the electrical diaracteristics 
of the two mobile phases coiild differ consderaUy if a buffer is not used. During a 
solvent programm ing run where the mole firacdon of the nnxture is chan^g, the 
conducthrity of the mixture may change in a nonlinear fiufaion but h will change 
monotonically from the conduct^ity of the one neat solvent to the other. The actual 

10 variation of the conductance with mole fiacHon itpanis on the dissodation constant of 
the solvem in addition to tiie conductivity of the oulividual ions. 

As described above, the device shown schenoticaDy in Figure 31 could be 
used for perforrmng gradient duuon liquid chromatograpliy with post-cohimn labding 
for d^ection purposes, for example. Figure 31(a), 31(b), and 3l(c| show the fluid flow 

IS reqiurements for carr^g out the tasks involved in a fiquid chromatography experiment 
as mentioned above. The arrows in the figures show the ditection and relative 
magmtude of the flow in the channels. In Figure 31(aX a vohime of analyte from the 
analyte leservoir 16 is loaded into the separation mtersection 40. To execute a pinched 
injection it is necessary to transport the sample from the analyte reservoir 16 across the 

20 intersection to the analyte waste reservoir 18. In addition, to confine the lanatyte 
volume, material from the separation channel 34 and the solvent rr.servoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 1 4 because these are the katial cxiivditions for a 
gradient dution experiment. At the beginrnng of the gra£ent dution experiment, it is 

25 desirable to prevent tiie reagent m tiie reagent reservoir 22 from entering the separation 
diannd 34. To prevent such reagent flow, a smaO iknv of buffer firom the waste 
reservoir 20 directed iovmd tiie reagent channd 36 is desirable and this flow should be 
as near to zero as pos^le. After a representative analyte volume is presented at the 
injection intersection 40, tiie separation can proceed. 

30 In Figure 31(b), the run (separation) mode b shown, aohroits from 

reservoirs 12 and 14 flow through tiie intersection 40 and down tiie separation channel 
34. In adcStion, die sohfcnts flow towards reservoirs 4 and S to inake a dean iiqectio^ 
the analyte into the sq)aration channel 34. Appropriate flow of reagent from the reagent 
reservoir 22 is also directed towards the separation channd. Tt.e initial condition is 

35 shown faiFtgure 3 1(b) is with a huge mole fraction of sotvem I and a small mole firaaton 
of solvent 2. The voltages appfied to tiie solvent rcser\*oirs 12. 14 are changed as a 
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fiinction of lime 80 that the proportion of solvente 1 ard 2 « changed from a 
donn«UK»of«olv«rtltonu»tlyaolveiit2.Tlii»isriK)wninFigi« Tlieltler 
moiwtooic ctange in appBed vohage effisu tte B«dieiil el«^ 
ecperimenL A» the isolated components pass the leagent addiion channd 36. 
appropriate leaction can uke place between this raagent ««l the i«i1.ted nnterid to 

fiwm a detectable species. 

Figuie 32 shows how the voltages to the various wscrvoni are changed 

forahypotheticalgradieniehitionexperinient. The vohages shown in this diagram only 
indicate relative magnitudes and not absolute vohagcs. In the loading mode of 
operation, static vokagcs are applied to the various reservoirs. Solvert flow from all 
teseivoirs except the reagent reservoir 22 is towards the analyte vMtt tturwv 18. 
Thus, the analyte feservw W is at the lowest potential and aa the other rt«^ 
higher potential. The potential at the reagent reservoir shouU be sufficiently below that 
of the waste reservoir 20 to provide only a slight flow towards the reagent reservoir. 
IS The voltage at the second solvent reservoir 14 should be sufficiently great « 

to provide a net flow towards the injection intersection 40. but the flow should be a low 

magmtude. . 

In moving to the run (start) mode depicted in Figure 3 1(b). the potentials 
« readjusted as indicated in Figure 32. The flow now is such that tl« sohfBrt from the 

«oh«U reservoirs 12 and 14 is nuiving down the 8«pai«.on chant«l 34 tow^ 
waste reseiwir 20. There is also a slight flow of solvent away bom the injection 
fateraection 40 towards the analyte and analyte waste reservoirs 16 and 18 and an 
appropriate flow of reagent from the reagent reservoir 22 into the separation channel 34. 
The waste reservoir 20 now mads to be at the minimum potential and the first solvent 
25 reservoir 12 at the ma«mum potential. Mother potentials are affjusted to pio^ 
fluid flow directions and magnhudes as indicated in Figure 31(b). Aho. as shown in 
Figure 32. the voltages appfted to the sohrent reservoirs 12 and H are monotomcaHy 
changed to move flom the conditions ofa large mole fraction of solvent I to a lar»» 

mole firaction of sohwal 2. 
30 At the end of the solvent programnung run. the device is now ready to 

witch back to the inject condition to load another sample. The vohaee variations 
shown in Figure 32 are only to be iUustnnive of what might be done to provide^ to 

various fluid flows in Figures 31(aHc). In an actual experiment some to the vanous 
vohagcs may wen differ in relaiwe magnhude. 



20 



wo 9^/04547 PCTAJS9S09492 

46 



While advantageous embodiments have beeii chose«i lo iUuslrate the 
invention, it win be tmderstood by those skiDed in the an that various changes and 
modificatbns can be made therdn widiout departiqg from the scope of the invention as 
deSned in the appended claims. 
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L A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of leservoin, wherein at 
least five of the reservoirs simultaneously have a controlled dectrical potential associated 
tfaeiewith, such Oiat material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or phyacal environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs ^m which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third res^oir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for tran^>oxting the second material through the first intersection in a manner that prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir, 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from ttie first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. The system of claim 9, further comprising: 

mixing means for mixing material from the fifth reservoir with material transix>rted 
from the first intersection toward the fourdi reservoir. 

11. The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intmection by the third channel. 

12. The system of claim 1 1 , fiirth^ comprising: 

means for tianqx>rting material fiom die fifth and rixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material fit)m the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A nucrochip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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fomung a first intersection wherein at least three of the reservoirs amultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of daim 14, fiirther comprising: 

controlling means for tranqxirting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. . The system of daim 14 wherdln the integrated channds indude a first 
channd co nn ect in g the first and second reservoirs, a second channd cormecting the third res^oir 
with a fourth reservoir in a manner that forms a first intersection with the first channd, and a third 
channd that connects a fifth reservoir with the second channd at a location between tiie first 
intersection and the fourth reservoir. 

20. The system of daim 19, further comprising: 

mixing means for mixing material from the fifth reservcnr with material transported 
from the first intersection toward the fourth reservoir. 

21. The system of daim 19 wherein the third channd crosses the second channd 
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at a second intersection^ the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the fint intersection is transported through the second intersection toward 
the fourth reservoir, 

24. A microflow control system^ comprising: 

a body having int^rated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
diannd connecting flie first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

s^jplies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material ftom 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, ^multaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from Ae second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four resCTvoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a thiitl 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir, and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the ttiini reservcnr. 
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FIG. 2 
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FIG. 3 
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FIG. 5(a) FIG. 5(b) FIG. 5(c) 
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FIG. 8(c) 
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FIG. 10 
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FIG. 12 
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FIG. 13(a) 



FIG. 13(b) 




FIG. 13(c) 




FIG. 13(d) 



FIG. 13(e) 
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FIG. 17(c) 
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FIG. 21(a) FIG. 21(b) 
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FIG. 26 
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